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Hon. Assistant Commissioner of Patents 
Washington, D.C. 20231 

Sir: 

Appellants hereby submit an original and two copies of this Appeal Brief (Twice 
Amended) in response to the Notification of Non-Compliance With the Requirements of 37 
C.F.R. § 1.192(c) dated January 17, 2001. This brief is due on February 17, 2001, based on the 
mailing date of the Notification of Non-Compliance. The fee for filing this Appeal Brief was 
submitted on October 24, 2000 with the original Appeal Brief. Should any other fees be due, or 
the attached fee be deficient or absent, the Commissioner is authorized to withdraw the 
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appropriate fee from Fulbright & Jaworski L.L.P. Deposit Account No. 50-1212/10012461/1973. 
Please date stamp and return the enclosed postcard to evidence receipt of this document. 

I. REAL PARTY IN INTEREST 

The real parties in interest are the assignee, the Board of Regents, University of Texas 
System, Austin, TX, and the licensee, Introgen Therapeutics, Austin, TX. 

H. RELATED APPEALS AND INTERFERENCES 

There are no interferences or appeals for related cases. All related cases have issued as 
U.S. patents (5,747,469 and 6,069,134). 

HI. STATUS OF THE CLAIMS (AMENDED) 

Claims 1-45 were filed with the original application. Claims 46-135 were added during 
prosecution. Claims 21, 27-31, 62-76, 80-82, 92-95, 102-110, 113, 114, 121-126 and 131-135 
were canceled. In the final Office Action Claims 1-26, 32-61, 77-79, 83-89, 96-101, 111, 112, 
1 15-120, and 127-130 were rejected. In the Advisory Action dated June 21, 2000, claims 1-20, 
22-26, 32-61,77-79, 83-91,96-101, 111, 112, 115, and 127-130. 1 

Claim 127 is cancelled in the Amendment accompanying this Appeal Brief, and claims 2, 
5, 33, and 98 were amended to address typographical errors and inconsistencies within the 
claims. Thus, claims 1-20, 22-26, 32-61, 77-79, 83-91, 96-101, 111, 112, 115-120, and 128-130 
are pending and stand appealed. A copy of the appealed claims, with the present amendments 
indicated, is attached as APPENDIX 1 to this brief. 

' Claims 1 16-120 were not identified as rejected in the Advisory Action but were rejected in the Final Office 
Action. Appellants assume that claims 1 16-120 remain rejected since an allowance of these claims was not 
indicated in the Advisory Action. 
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IV. STATUS OF AMENDMENTS 

Appellants are filing an amendment, concurrent with this brief, to address a minor 
inconsistency within the claims and typographical errors. Exhibit A. 

V. SUMMARY OF THE INVENTION 

The present invention is directed tn thprancntir. mprtmHc 

* X" ~ v*i»f x VWUVIH^ U1V glWVlll ittlV 111 

tumors involving contacting a cell within the tumor with (a) a gene encoding a functional p53 
protein and (b) a DNA damaging agent, in a combined amount that is effective to inhibit the 
growth of the tumor (claim 1). The present invention also concerns compositions that include a 
gene encoding a functional p53 polypeptide in combination with a DNA damaging agent (claim 
32). The invention further concerns therapeutic kits containing a pharmaceutical formulation of 
a recombinant vector that expresses a functional p53 protein in an animal cell and a 
pharmaceutical formulation of a DNA damaging agent (claim 42). Specification, e.g., page 7, 
lines 3-29; page 18, line 32-page 19, line 20. 

VI. ISSUES ON APPEAL 

• Are the terminal disclaimers submitted herewith sufficient to overcome the statutory 
double patenting rejection of the present claims based on U.S. Patent 5,747,469? 

• Are the present claims obvious over the combined disclosures of Lowe et al. ("Lowe"; 
Exhibit B) or Clarke et al. ("Clarke"; Exhibit C), in view of Tishler et al. ("Tishler"; Exhibit D), 
Wills et al. ("Wills"; Exhibit E) and Gregory et al. ("Gregory"; Exhibit F)? 
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VII. GROUPING OF THE CLAIMS 

For the purposes of the present appeal only, the independent claims, and their respective 
dependent claims, do not stand or fall together. The independent claims are directed to a method 
(claim 1), a composition (claim 32), and a kit (claim 42), each with different limitations. The 
method claims recite "contacting a cell within said tumor with (a) a gene encoding a functional 
p53 protein and (b) a DNA damaging agent in a combined amount effective to inhibit the growth 

nf said tumnr " wh.ir.h ic not a limitati 
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composition claims require "a composition," which is not recited in independent claims 1 or 42. 
The kit claims recite a "suitable container means," which is not found in the other non-kit claims. 
The independent claims will therefore stand or fall separately from one another, and separate 
arguments are presented herewith. 

By this action, Appellants are in no way suggesting that other claims do not define 
patentably distinct inventions. Nevertheless, Appellants believe that the present case presents 
such clear cut issues of patentability with respect to the independent claims, and Appellants 
choose to focus on the independent claims in the present appeal. 

VIII. ARGUMENT 

A. Terminal Disclaimers Overcome Double Patenting Rejection 

The pending claims were rejected under the judicially-created doctrine of obviousness- 
type double-patenting as being unpatentable over claims 1-105 of U.S. Patent 5,747,469. 
Applicants enclose a terminal disclaimer over the '469 patent, as well as a second terminal 
disclaimer over U.S. Patent No. 6,069,134. Reconsideration and withdrawal of the rejection is 
respectfully requested. 
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B. Claims Are Patentable under 35 U.S.C. §103 

The Examiner has rejected all of the claims under 35 U.S.C. § 103 (a) as being obvious 
over Lowe or Clarke, in view of Tishler, Wills, and Gregory. According to the Examiner, Lowe 
and Clarke demonstrate that DNA damage caused by radiation induces apoptosis in a p53- 
dependent fashion. Further, Tishler is said to set forth a long list of DNA damaging agents, and 
Wills and Gregory are said to support the use of p53 in gene therapy generally. Appellants 
respectfully traverse. 

The invention of claim 1 is concerned with tumor therapy that is achieved by reducing 
the growth rate of a tumor by contacting cells of the tumor with gene encoding a functional p53 
protein and also treating them with conventional chemotherapy (DNA damaging agents). The 
other independent claims, claims 32 and 42, concern combination compositions and kits. 

Appellants will demonstrate that the Examiner failed to make a prima face case of 
obviousness, in that none of the cited references provides the requisite suggestion to produce the 
subject matter of the claims. The primary references, Lowe and Clark, relate only to the 
administration of DNA damaging agents to normal (non-tumorous) mouse cells. These 
references say nothing about gene therapy, say nothing about tumor therapy and say nothing 
about slowing the growth rate of tumors. Tishler is no more relevant, it also being limited to 
"mechanistic" studies involving normal mouse cells. 

Conversely, the secondary references, Wills and Gregory, concern, at best, only p53 
therapy and say nothing and suggest nothing about the desirability of combining p53 therapy 
with conventional chemotherapy. There is no basis for combining references that concern 
human therapy with references that concern laboratory observations in rats and mice. In short, 
the Examiner has merely picked out two elements of the invention, p53 therapy and conventional 
chemotherapy, from distinct prior art references and failed to demonstrate an appropriate basis 
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for the proposed combination. The Examiner has failed to properly consider the explicit 
teachings of these and other references that provide strong evidence of teaching away, the lack of 
an expectation of success, and indeed, compel a conclusion of non-obviousness. 
1 . Summary of Cited References 

Lowe (Exhibit B) is in no way concerned with gene therapy or even therapy at all. 
Rather, the authors were trying to understand the various cellular pathways of apoptosis 
(programmed cell death) that occur in normal mouse cells. Their conclusion was that the intact, 
normal p53 gene found in normal cells was required for radiation to induce apoptosis in these 
normal cells. Lowe is merely a scientific investigation paper that concerns the authors' 
observation that mouse thymocytes having a functional p53 are susceptible to cell death 
("apoptosis") when exposed to radiation, while those that do not have a functional p53 gene are 
more resistant to radiation-induced apoptosis. The authors conclude that apoptosis in the mouse 
thymus had at least two distinct pathways— a pathway that requires a functional p53 gene and a 
separate pathway that does not. 

It is also notable that radiation is not being used by Lowe to kill or slow the growth of 

cancer cells. Rather, it is used solely as a convenient laboratory method for inducing apoptosis 

in thymocytes— a laboratory method that permits the authors to investigate the role of the normal 

p53 gene in promoting apoptosis in normal mouse thymocytes. Lowe merely attempts to explain 

why tumors come about in the first place and attempts to explain why the normal p53 gene in the 

normal cell acts to suppress tumor formation in that normal cell: 

The data presented here define another mechanism by which p53 can act as a tumor 
suppressor gene [in normal mouse thymocytes]. It has been proposed that the mutational 
inactivation of p53 during tumorigenesis might allow the further accumulation of 
oncogenic mutation, due to the removal of an important Gl checkpoint. In thymocytes, 
and perhaps in other cell types as well, the absence of p53 function can lead to 
inappropriate cell survival after radiation. The failure to eliminate cells that have 



1660789.1 



6 



incurred DNA damage could lead to the selection of cells that have undergone neoplastic 
transformation. 

Exhibit B at 848, bottom of col. 2. 

Clark (Exhibit C) is a very similar reference to Lowe. Clark is also limited to normal 
mouse thymocytes cells that have a normal intact p53 gene, and does not in any way concern 
cells in a tumor that are treated by gene therapy. Clark does not mention gene therapy, much less 
gene therapy with p53 or gene therapy with p53 and a DNA damaging agent. Based on studies 
involving compounds that induce apoptosis in normal thymocytes, Clarke simply determined that 
normal thymocytes lacking p53 are resistant to induction induced by radiation or etoposide. 
Clark, again, is just a scientific investigation paper that concludes that there are two different 
apoptosis pathways in mouse thymocytes a p53 dependent pathway and a p53 independent 
pathway. Such a finding may be, and probably was, interesting to scientists at the time, but, like 
Lowe, it is of no relevance to the presently claimed invention. 

The Tishler reference (Exhibit D) is, yet again, another scientific reference that is, 
frankly, irrelevant to the patentability of the claimed invention. The reference concerns scientific 
"mechanistic" studies in normal mouse fibroblast cells. It does not discuss tumor cells, or 
therapy of tumor cells. It does not discuss gene therapy with a man-made p53 gene construct. It 
does not discuss gene therapy with p53 and DNA damaging agents. This reference merely 
addresses the following question: what effect do chemotherapeutics and DNA damaging agents 
have on the DNA-binding function of normal (wild-type) p53 that is already expressed in normal 
cells? Again, while the answer to this question may well have been interesting to scientists at the 
time, it is totally irrelevant to the claimed invention. In fact, the experiments in Tishler merely 
show that when normal mouse fibroblasts cells were exposed to a DNA damaging agent, the 
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level of the normal cellular p53 protein in these cells increased. The relationship between this 
teaching and the claimed invention is imaginative at best. 

The secondary reference by Wills (Exhibit E) is an abstract that provides little detail. It 
appears to concern p53 gene therapy but in no way teaches or suggests combination therapy with 
a DNA damaging agent. Wills purportedly relates to an adenovirus vector that directs the 
expression of p53 from the Ad 2 major late promoter or the CMV promoter. However, nowhere 
does Wills mention combining p53 gene therapy with anything else — with any other type of 
therapy, particularly not therapy with DNA damaging agents or any other type of conventional 
chemotherapy or radiotherapy. 

Like the Wills reference, Gregory (Exhibit F) is a secondary reference that does not 
mention combining p53 gene therapy with other cancer therapies. It is also an abstract simply 
discussing adenovirus p53 vectors. It reports that these p53-expressing viruses can suppress 
DNA replication, inhibit cell growth, and induce apoptosis in certain cell lines. 

2. The Cited References Do Not Create a Prima Facie Case 

The Examiner argues that Lowe or Clarke, combined with Tishler, Wills and Gregory, 
render obvious the presently claimed invention. However, this argument is deficient for several 
reasons. Appellants point to In re O'Farrell, 7 USPQ2d 1673, 1680 (Fed. Cir. 1988), in which 
the Federal Circuit held that a prima facie case of obviousness requires that the cited references 
contain: 

(1) detailed enabling methodology for practicing the claimed invention; 

(2) a suggestion for modifying the prior art to practice the claimed invention; 
and 

(3) evidence suggesting that the invention would be successful. 
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It is submitted that the present references relied upon by the Examiner clearly fail to satisfy the 
tripartite OTarrell test. 

a. Cited References Fail to Suggest Their Combination 

First, there is no suggestion in any of the cited references to use p53 gene therapy either 
alone or in combination with a DNA damaging agent to induce apoptosis in cells. While Wills 
and Gregory may address p53 gene delivery using viral vectors, there is no mention in them 
either generally or specifically about existing cancer therapies, such as a DNA damaging agent. 
Nor is there any mention, much less suggestion, to combine them with Lowe, Clarke, or Tishler, 
which do not address gene transfer in any form, to arrive at the present invention. "The mere 
fact that references can be combined or modified does not render the resultant combination 
obvious unless the prior art also suggests the desirability of the combination." MPEP § 2143.01 
citing In re Mills, 916 F.2d 680, 16 USPQ2d 1430 (Fed. Cir. 1990). 

As discussed above, the references of Lowe and Clarke involve administering compounds 
to normal mouse cells to induce apoptosis as a means of studying apoptosis pathways. They 
compare levels of apoptosis in normal cells having endogenous p53 to normal cells lacking 
endogenous p53. Tishler involves the administration of DNA damaging agents to normal cells 
as well and was concerned about their effects on a cell's endogenous p53 level and DNA binding 
activity. Lowe, Clarke, and Tishler are simply not concerned about the replacement of p53 
because they were dealing with normal, non-tumor cells. Accordingly, not only is there no 
suggestion in these three references of p53 gene therapy, but also there is no suggestion that p53 
gene therapy should be combined with a DNA damaging agent to constitute tumor therapy. 
Thus, none of the cited references suggests combining p53 gene therapy with DNA damaging 
agents or with combining their disclosures to produce the claimed invention. 
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Appellants further submit that it is incumbent upon the Examiner to find the suggestion to 
modify the primary reference in the prior art. In re Soli, 187 USPQ 797 (CCPA 1963). 2 This 
has not been done. 

The Examiner has argued only that the cited references' authors were "investigating the 
effects of p53 on cell death." This sort of generalized statement, if true, falls far short of a 
specific suggestion to modify the primary references — Lowe and Clarke — to introduce a p53 
gene into a cell of a tumor. There is no rationale provided as to why one would seek to introduce 
a p53 gene into a cell when the cell already expresses wild-type p53. More importantly, the 
references themselves are silent as to why one would seek to change the scientific design 
described in Lowe and Clarke, especially when their results were "positive" for apoptosis. 

This omission from the art is fatal to the Examiner's position, and the attempts to "fill in 
the blank" with general and unsupported statements constitute an improper hindsight 
reconstruction of the invention, which is forbidden. In re Carroll, 202 USPQ 571 (CCPA 1979) 
("One of the more difficult aspects of resolving questions of non-obviousness is the necessity c to 
guard against slipping into the use of hindsight.'") (citing Graham v. John Deere Co., 148 USPQ 
459 (S. Ct. 1965)). The desirability of the combination of references, as is required by the 
Federal Circuit, its predecessor court, and the MPEP is simply not provided by the art; therefore, 
the second prong of the Farrell test is unsatisfied, indicating an improper prima facie rejection 
based on obviousness. 



2 "When, as in the instant case, the Patent Office finds, in the words of 35 USC §103, 'differences between the 
subject matter sought to be patented and the prior art,' it may not, without some basis in logic or scientific principle, 
merely alleged that such differences are either obvious or of no patentable significance and thereby force an 
[applicant] to prove conclusively that it is wrong." In re Soli, 187 USPQ at 801. 
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b. There Is No Evidence Invention Would Be Successful 

Second, the Examiner has completely glossed over the issue of whether there was an 
expectation that the claimed invention could be practiced successfully. 3 As has been noted in the 
previous response, there was no a priori predictability, circa 1994, with respect to combining 
ectopic p53 expression with DNA damaging agents. One of skill would have had no way of 
knowing whether or not cells provided with a vector exogenously expressing p53 expression 
would give the same results as cells expressing endogenous p53, which were employed in the 
primary references of Lowe and Clarke. 

Also, Lowe and Clarke both involve normal mouse thymocytes, not tumor cells. They 
also both qualify their findings with respect to thymus cells and merely speculate about the 
applicability of their findings to other cell types. Lowe states, ""These results establish the 
involvement of p53 in a cell death pathway, specifically radiation-induced apoptosis in the 
thymus." Lowe at 848 (emphasis added). Clarke says, "In conclusion, we have demonstrated a 
strictly /?5J-dependent pathway to apoptosis in thymocytes, cells that are oriented towards 
programmed deletion by this mode of death." Exhibit C at 850, 852 (emphasis added). Neither 
paper speculates about the extension of their findings specifically to tumor cells. There is no 
reasonable expectation of success that their results could, much less should, be extrapolated to 
tumor cells of the claimed invention. 

A statement in the Clarke reference itself implies that there is no reasonable expectation 
of success in applying their data to other cell types. Clarke distinguishes its findings from those 
of others in which "p53 was expressed in a non-physiological environment as part of a 

3 We discuss below the fact that the ordinarily skilled worker at the relevant time frame was unsure as to whether the 
mechanisms of p53 function were complementary to or, alternatively, counteractive to the mode of action of DNA 
damaging agents. 
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recombinant construct and introduced into immortalized cells in which other uncharacterized 
changes may have occurred. Here, we have studied inactivation of one or both copies of the 
normal gene in otherwise normal cells...." Exhibit C at 850. This statement seems to caution 
that conclusions about non-normal (immortalized) cells and normal cells are not interchangeable 
because of the differences between the two cell types. Accordingly, Clarke's findings with 
respect to normal, non-tumor cells may not raise any reasonable expectations with respect to 
non-normal tumor cells. 4 

Other factors need to be considered when evaluating whether there was a reasonable 
expectation of achieving the result identified in the application. For example, regulation of the 
expression of a chromosomal gene, i.e., endogenous p53, is likely to be far different that than 
observed with a gene provided to a cell by gene therapy, leading to differences in levels of 
expression. This is correct for a variety of reasons, including, but not limited to, (i) a different 
promoter {i.e., a non-p53 promoter), (ii) a different chromatin structure surrounding the 
promoter, transcription start site, or transcription termination site, and (iii) different distal, ex- 
acting regulatory signals not found in exogenous expression constructs. This is especially true 
when one considers that this very same chromatin may well be damaged by the presence, at least 
in some embodiments, of DNA damaging agents. Furthermore, there may be temporal 
differences in expression, such as a reduction of expression some time after a cell is administered 
gene therapy, which is an observation made in the context of gene therapy vectors that do not 
integrate into the chromosome, e.g., adenoviral vectors. There simply is no way that the cited 

4 The statement in Clarke also provides support for the argument that this reference does not suggest its combination 
with Wills or Gregory, which concern tumor cell lines, and not normal cells. This is consistent with the fact that 
Clarke, like Lowe, is not at all concerned with therapy because it concerns normal cells, Tishler involves normal 
cells because "studying the DNA-binding function of wt p53 may provide important information on the 
physiological function of wt />5J." Exhibit D at 2212 (emphasis added). Unsurprisingly, no mention, however, is 
made with regard to implementing a p53/DNA damaging agent treatment. 
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references, with each of their differences with respect to the claimed invention, present the 
reasonable likelihood of success demanded for a prima facie case of obviousness. 

c. References Do Not Teach All of the Claim Limitations 

The Examiner's prima facie case is deficient for another reason. "[T]he prior art 
reference (or references when combined) must teach or suggest all the claim limitations." MPEP 
§ 2142. This combination of references, however, fails to teach limitations expressly recited by 
the claims. 

Claim 1 is directed at a "method of reducing the growth rate of a tumor, comprising 
contacting a cell within said tumor with (a) a gene encoding a functional p53 protein and (b) a 
DNA damaging agent in a combined amount effective to inhibit the growth of said tumor." 
None of the references discuss or suggest providing (a) and (b) "in a combined amount effective 
to inhibit the growth of said tumor." This is not surprising since none of the references 
contemplate combined therapy. 

Moreover, independent claim 32 recites "a composition comprising a gene encoding a 
functional p53 polypeptide in combination with a DNA damaging agent. None of the references 
suggest or teach such a "composition." Even if the combination of cited references taught the 
administration of gene therapy and a DNA damaging agent, there is nothing to suggest making a 
composition that included both. Therefore, the "composition" element of the claim has not been 
taught or suggested by the references. 

Independent claim 42 recites a "therapeutic kit, in a suitable container means." Similarly, 
neither Lowe, Clarke, Tishler, Wills, nor Gregory mentions an element of the claim; in this case 
"kit," particularly one in a "suitable container means" is not taught or suggested. 
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The combination of references fails to teach at least one element of each independent 
claim; consequently, a prima facie case of obviousness has not been made on this ground as well. 

Thus, for at least three reasons, the Examiner has not carried the burden of establishing a 

prima facie case of obviousness. Therefore, based purely on the deficiencies in the Examiner's 

analysis, the rejection should be withdrawn. 

3. The Art Evidences Conflicting Reports Regarding the 
Effects of Combining p53 and DNA Damaging Agents 

In their previous responses, Appellants have provided an explanation of why, even taking 
the Examiner's position at face value, the rejection must fail. This explanation was based on the 
fact that the field was in a state of confusion regarding how p53 and DNA damage interacted in 
the development of apoptosis at the time of the present invention. This line of argument, 
presented in detail in the previous responses, was derived from the successful prosecution of the 
parent of the present application, now U.S. Patent 5,747,469. Appellants present this argument 
below for the Board's review and consideration. 

To underscore the absence of predictability with respect to the instant claims, Appellants 
point out that the literature, at the time of filing, was in a state of flux as to the potential 
relationship between p53 and DNA damage. For example, Kastan et al (1991) ("Kastan"; 
Exhibit G) describes experiments designed to help elucidate the role of p53 in response to DNA 
damage. As the discussion indicates, DNA damage appears to induce p53, which itself appeared 
to be associated with an arrest in DNA synthesis. This arrest in DNA synthesis, in turn, was 
hypothesized to provide the cell with an opportunity to repair any damage to the DNA, preventing 
transmission of errors in the genetic code to progeny cells. 

Taken at face value, this paper clearly raises the question of whether a DNA damaging 
agent and p53 would work against each other, given that the point of inducing DNA damage as 
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part of a cancer therapy regimen is to trigger cell death. By providing an exogenous p53 to 
treated cells, one would have to consider the possibility that p53 would allow DNA repair to 
occur, in fact, counteracting the DNA damage that had been induced, thereby canceling out its 
therapeutic effect. Tishler, the only reference cited by the Examiner that even addresses this 
issue, simply confirms Kastan by showing that DNA damage increases p53 levels. // does not, 
however, address the inherent conflict between the cell's desire to repair DNA damage and the 
clinician's desire to have that damage result in cell death. This conflict would seem to be 
exacerbated by the further provision of an exogenous p53 to a tumor cell. Thus, on its face, the 
teaching of Tishler raises more questions than it answers. 

To further confuse the situation surrounding the interaction between p53 and DNA 
damage, one must turn to the 1993 paper by Slichenmyer et al ("Slichenmyer"; Exhibit H). This 
paper reports on the effect of a p53-associated G x checkpoint, lost in cells that have defective p53 
function, on sensitivity to DNA damage. As stated by the authors, their "results indicate that 
although the cell cycle checkpoint in G x can be impaired through mutation of p53 or by other 
mechanisms, [the] loss [of] the G! checkpoint per se does not influence radiosensitivity or 
sensitivity to camptothecin. " Exhibit H at 4167. Thus, this paper would lead one to the 
conclusion that the presence of p53 is not a critical factor in the response of a cell to DNA 
damage, not that p53 could cooperate with a DNA damaging agent to produce an enhanced 
therapeutic effect. 

Thus, in conclusion, a fair reading of the prior art (including Tishler) could not, as of 
Appellants' filing date, have provided any reasonable inference, much less a specific suggestion, 
that a combination of p53 gene therapy and a DNA damaging agent would be a worthwhile 
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endeavor in the treatment of cancer. Without such an expectation, a case of obviousness cannot 
exist. 

According to the Examiner, as the Slichenmyer and Kastan references were not relied 
upon, they can "in no way negative the teachings of the later published teachings of Lowe et al. 
and Clarke et al" It is respectfully submitted, however, that the Examiner is mistaken. 
Slichenmyer, like Lowe and Clarke, was published in 1993, with Kastan published only two 
years earlier. These reference clearly make up a body of contemporaneous work that cannot be 
parsed from each other. 

In this same vein, it is improper to read the prior art selectively — rather, the prior art must 
be read as a whole, for all it teaches, as that is what the hypothetical artisan of ordinary skill must 
do. See In re Fine, 5 USPQ2d 1596, 1600 (Fed. Cir. 1988) ("One cannot use hindsight 
reconstruction to pick and choose among isolated disclosures in the prior art to deprecate the 
claimed invention."). Kastan and Slichenmyer constitute the background against which the 
invention should be considered. 

Because these references affirmatively teach away from the present invention, the case 

law demands that they must be taken into account and given due weight — not simply discarded 

when they fail to fit the rejection: 

When prior art contains apparently conflicting references, the Board must weigh 
each reference for its power to suggest solutions to an artisan of ordinary skill. The 
Board must consider all disclosures of the prior art ... to the extent that the references 
are . . . in analogous fields of endeavor and thus would have been considered by a person 
of ordinary skill in the field of the invention. The Board, in weighing the suggestive 
power of each reference, must consider the degree to which one reference might 
accurately discredit another. 

In re Etter, 225 USPQ 1, 6 (Fed. Cir. 1985) (emphasis added). This reasoning gives rise to the 
doctrines of "failure of others" (Intel Corp. v. U.S. Int'l Trade Comm% 20 USPQ2d 1161 (Fed. 
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Cir 1991)) and "teaching away" {In re Beattie, 24 USPQ2d 1040 (Fed. Cir. 1997)). If the 

Examiner were free to ignore contradictory teachings, the "failure of others" and "teaching 

away" doctrines would have no meaning. 

In sum, for the reasons specified, Appellants respectfully submit that the rejection fails to 

pay sufficient deference to the teachings of the art as a whole. Consequently, it also improperly 

picks and chooses from the literature and does not address the specific deficiencies of particular 

references. Reversal of the rejection is, again, requested. 

4. At Best, the Rejection Amounts to Impermissible 
"Obvious to Try" Situation 

Appellants strongly argue that the cited references do not suggest the claimed invention 

and that the art does not suggest a reasonable expectation of success, and in fact, teaches away 

from the claimed invention. Even if none of these arguments were true, the Examiner's rejection 

amounts to, at best, an improper "obvious to try" ground for rejection. See Jones v. Hardy, 220 

USPQ 1021, 1026 (Fed. Cir. 1984). According to In re Eli Lilly & Co., 14 USPQ2d 1741, 1743 

(Fed. Cir. 1990), "[a]n 'obvious to try 5 situation exists when... further investigation might be done 

as a result of the disclosure, but the disclosure itself does not contain a sufficient teaching of how 

to obtain the desired result or indicate that the claimed result would be obtained if certain 

directions were pursued." Such is the case here. The combination of cited references do not 

disclose how to achieve a more effective cancer therapy, nor do the references provide even the 

idea that such a result would be obtained if p53 gene therapy were combined with a DNA 

damaging agent for the treatment of cancer. Once again, a valid rejection against the claims has 

not been lodged based on obviousness. The rejection should be withdrawn. 
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IX. CONCLUSION 

It is respectfully submitted, in light of the above, all pending claims are nonobvious under 
35 U.S.C. §103. The cited references do not suggest or teach combining references to produce 
the claimed invention, they do not provide a reasonable expectation of success to produce the 
claimed invention, the combination of cited references do not teach each limitation of the 
rejected claims, the art at the time of the invention teaches against the invention, and, at best, the 
rejection constitutes an improper "obvious to try" situation. Therefore, Appellants request that 
the Board reverse the pending grounds for rejection. 



Respectfully submitted, 




FULBRIGHT & JAWORSKI L.L.P 
600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
(512) 536-3081 



Gina N. Shishima 
Reg. No. 45,104 
Attorney for Appellants 



Date: January 29, 2001 
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APPENDIX 1: PENDING CLAIMS (AS AMENDED) 



1 . A method of reducing the growth rate of a tumor, comprising contacting a cell within said 
tumor with (a) a gene encoding a functional p53 protein and (b) a DNA damaging agent 
in a combined amount effective to inhibit the growth of said tumor. 

2. (Twice amended) The method of claim 1, wherein said cell is contacted with said gene in 
combination with X-ray radiation, UV-irradiation, y-irradiation, microwaves, adriamycin, 
5-fluorouracil, etoposide, camptothecin, actinomycin-D, mitomycin C [mytomycin C], or 
cisplatin. 

3. The method of claim 2, wherein said cell is contacted with said gene in combination with 

r»i cr\l otin 

4. The method of claim 1, wherein said cell is contacted with a recombinant vector that 
expresses a functional p53 protein in said cell in combination with a DNA damaging 
agent. 

5. The method of claim 4, wherein said p53-expressing recombinant, [non-viral] vector is a 
naked DNA plasmid or a plasmid within a liposome, a retroviral vector, an AAV vector, 
or a recombinant adenoviral vector. 

6. The method of claim 5, wherein said p53-expressing recombinant vector is a recombinant 
adenoviral vector. 

7. The method of claim 4, wherein said p5 3 -expressing recombinant vector comprises a p53 
expression region positioned under the control of a constitutive promoter. 

8. The method of claim 4, wherein said recombinant vector comprises a p53 expression 
region, the cytomegalovirus IE promoter and the SV40 early polyadenylation signal. 

9. The method of claim 6, wherein at least one gene essential for adenovirus replication is 
deleted from said adenovirus vector construct and the p53 expression region is introduced 
in its place. 

10. The method of claim 9, wherein the El A and E1B regions of the adenovirus vector are 
deleted and the p53 expression region is introduced in their place. 

11. The method of claim 6, wherein said recombinant adenoviral vector is present within a 
recombinant adenovirus. 

12. The method of claim 1, wherein said cell is first contacted with said gene and is 
subsequently contacted with said DNA damaging agent. 
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13. The method of claim 1, wherein said cell is first contacted with said DNA damaging 
agent and is subsequently contacted with said gene. 

14. The method of claim 1, wherein said cell is simultaneously contacted with said gene and 
said DNA damaging agent. 

15. The method of claim 1, wherein said cell is contacted with a first composition comprising 
said gene and a second composition comprising said DNA damaging agent. 

16. The method of claim 15, wherein said first or second composition is dispersed in a 
pharmacologically acceptable formulation. 

17. The method of claim 1, wherein said cell is contacted with a single composition 

COmnrisinP KaiH Crpne in r.nmhinatirm witVi caiH TYMA Hamamnrr arrant 

r G ^ v ^ ^ ^ » ""lliWijUlJj "Jjvuv. 

18. The method of claim 17, wherein said composition is dispersed in a pharmacologically 
acceptable formulation. 

19. The method of claim 17, wherein said cell is contacted with a single composition 
comprising a recombinant vector that expresses p53 in said cell in combination with said 
DNA damaging agent. 

20. The method of claim 19, wherein said cell is contacted with a single composition 
comprising a recombinant adenovirus containing a recombinant vector that expresses p53 
in said cell in combination with said DNA damaging agent. 

21. (Canceled) 

22. The method of claim 1, wherein said tumor cell is a malignant cell. 

23. The method of claim 22, wherein said malignant cell is a lung cancer cell. 

24. The method of claim 22, wherein said malignant cell is a breast cancer cell. 

25. The method of claim 22, wherein said malignant cell has a mutation in a p53 gene. 

26. The method of claim 1, wherein said tumor cell is located within an animal at a tumor 
site. 

32. A composition comprising a gene encoding a functional p53 polypeptide in combination 
with a DNA damaging agent. 

33. (Amended) The composition of claim 32, comprising said gene in combination with 
adriamycin, 5-fluorouracil, etoposide, camptotheein, actinomycin-D [actimomycin-D], 
mitomycin C, or cisplatin. 
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34. The composition of claim 33, comprising said gene in combination with cisplatin. 

35. The composition of claim 32, comprising a recombinant vector that expresses a 
functional p53 protein in an animal cell in combination with a DNA damaging agent. 

36. The composition of claim 35, wherein said recombinant vector is a naked DNA plasmid 
or a plasmid within a liposome. 

37. The composition of claim 36, wherein said recombinant vector is a recombinant 
adenoviral vector. 

38. The composition of claim 37, wherein said recombinant vector is a recombinant 
adenoviral vector is present within a recombinant adenovirus particle. 

39. The composition of claim 32, comprising a recombinant adenoviral vector present within 
a recombinant adenovirus particle in combination with cisplatin. 

40. The composition of claim 32, dispersed in a pharmacologically acceptable formulation. 

41. The composition of claim 40, formulated for intralesional administration. 

42. A therapeutic kit comprising, in suitable container means, a pharmaceutical formulation 
of a recombinant vector that expresses a functional p53 protein in an animal cell and a 
pharmaceutical formulation of a DNA damaging agent. 

43. The kit of claim 42, wherein said recombinant vector and said DNA damaging agent are 
present within a single container means. 

44. The kit of claim 42, wherein said recombinant vector and said DNA damaging agent are 
present within distinct container means. 

45. The kit of claim 42, comprising a pharmaceutical formulation of a recombinant 
adenovirus including a recombinant vector that expresses a p53 protein in an animal cell 
and a pharmaceutical formulation of cisplatin. 

46. The method of claim 1, wherein the tumor cell is contacted with a DNA damaging agent 
by irradiating the tumor cell with X-ray radiation, UV-irradiation, y-irradiation or 
microwaves. 

47. The method of claim 46, wherein the tumor cell is contacted with a DNA damaging agent 
by irradiating the tumor cell with X-ray radiation. 

48. The method of claim 46, wherein the tumor cell is contacted with a DNA damaging agent 
by irradiating the tumor cell with UV-irradiation. 
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49. The method of claim 46, wherein the tumor cell is contacted with a DNA damaging agent 
by irradiating the tumor cell with y-irradiation. 

50. The method of claim 46, wherein the tumor cell is contacted with a DNA damaging agent 
by irradiating the tumor cell with microwaves. 

51. The method claim 1, wherein the tumor cell is contacted with a pharmaceutical 
composition comprising a DNA damaging compound. 

52. The method of claim 5 1 , wherein the DNA damaging agent is cisplatin. 

53. The method of claim 5 1 , wherein the DNA damaging agent is doxorubicin. 

54. The method of claim 51 . wherein the DNA Hamfloina nomt ic ptnnooirif* 

- ' © — o — © — * 

55. The method of claim 51, wherein the DNA damaging agent is verapamil. 

56. The method of claim 5 1 , wherein the DNA damaging agent is podophyllotoxin. 

57. The method of claim 51, wherein the DNA damaging agent is 5-FU. 

58. The method of claim 51, wherein the DNA damaging agent is actinomycin-D. 

59. The method of claim 51, wherein the DNA damaging agent is adriamycin. 

60. The method of claim 51, wherein the DNA damaging agent is camptothecin. 

6 1 . The method of claim 5 1 , wherein the DNA damaging agent is mitomycin C 

77. The method of claim 4, wherein said gene is administered prior to said DNA damaging 
agent. 

78. The method of claim 4, wherein said gene is administered after said DNA damaging 
agent. 

79. The method of claim 4, wherein said gene is administered at the same time as said DNA 
damaging agent. 

83. The method of claim 26, wherein said gene is delivered to said tumor endoscopically, 
intravenously, intratracheal^, intralesionally, percutaneously or subcutaneously. 

84. The method of claim 26, wherein said tumor site is a resected tumor bed. 

85. The method of claim 26, wherein said administration is repeated. 
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86. The method of claim 13, wherein the period between administration of the DNA 
damaging agent and gene is between 12 and 24 hours. 

87. The method of claim 13, wherein the period between administration of the DNA 
damaging agent and gene is between 6 and 12 hours. 

88. The method of claim 13, wherein the period between administration of the DNA 
damaging agent and gene is about 12 hours. 

89. The method of claim 12, wherein the period between administration of the gene and DNA 
damaging agent is between 12 and 24 hours. 

90. The method of claim 12, wherein the period between administration of the gene and DNA 
damaging agent is between 6 and 12 hours. 

91. The method of claim 12, wherein the period between administration of the gene and DNA 
damaging agent is about 12 hours. 

96. The method of claim 1, wherein said tumor cell is an epithelial tumor cell. 

97. The method of claim 23, wherein said lung cancer cell is non-small cell lung carcinoma 
cell. 

98. (Amended) The method of claim 97, wherein said non-small cell lung carcinoma cell is a 
squamous [sqamous] carcinoma cell. 

99. The method of claim 97, wherein said non-small cell lung carcinoma cell is an 
adenocarcinoma cell. 

100. The method of claim 97, wherein said non-small cell lung carcinoma cell is a large-cell 
undifferentiated carcinoma cell. 

101 . The method of claim 95, wherein said lung cancer cell is a small cell lung carcinoma cell. 

111. The method of claim 26, wherein said gene is administered in about 0. 1 ml. 

1 12. The method of claim 26, wherein said gene is administered in about 10 ml. 

1 15. The method of claim 52, wherein said cisplatin is administered at 20 mg/m 2 . 

1 16. The method of claim 53, wherein said doxorubicin is administered at 25-75 mg/m 2 . 

1 17. The method of claim 54, wherein said etoposide is administered at 35-50 mg/m 2 . 

1 18. The method of claim 57, wherein said 5-FU is administered at 3-15 mg/kg. 

5 
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1 19. The method of claim 47, wherein the x-ray dosage is between 2000 and 6000 roentgens. 

120. The method of claim 47, wherein the x-ray dosage is between 50 and 200 roentgens. 

127. (Canceled) The method of claim 4, wherein said promoter is a promoter. 

128. The method of claim 7, wherein the promoter is selected from the group consisting of 
SV40, CMV and RSV. 

129. The method of claim 128, wherein the promoter is the CMV IE promoter. 

130. The method of claim 129, wherein the vector further comprises a polyadenylation signal. 
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Appellants respectfully submit the following amendments for entry into the captioned 



patent application in accordance with 37 CF.R. § 1.116. This paper is offered in response to tfi^ 
Office Action dated November 22, 1999 and is filed concurrently with an Appeal Brief, 
submitted herewith. Appellants contend these amendments place the case in even better 
condition for allowance or appeal as they clarify i) the priority claim in the specification and ii) 
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the claims by correcting misspellings or eliminating confusing terms. Accordingly, no new 
matter for which a new search is required has been added. 

Reconsideration of the application in view of the following amendments and remarks is 
respectfully requested. 

AMENDMENT 

In the Specification 

On page 2, line 6, please delete "07/960,543" and insert therefor -07/960,513--. 

In the Claims 

Please cancel claim 127, without prejudice or disclaimer. 
Please amend the claims as follows: 

2. (Twice amended) The method of claim 1, wherein said cell is contacted with said gene in 
combination with X-ray radiation, UV-irradiation, y-irradiation, microwaves, adriamycin, 
5-fluorouracil, etoposide, camptothecin, actinomycin-D, mitomycin C [mytomycin C], or 
cisplatin. 

5. (Twice amended) The method of claim 4, wherein said p53-expressing recombinant^ 
non-viral] vector is a naked DNA plasmid or a plasmid within a liposome, a retrovir^ 
vector, an AAV vector, or a recombinant adenoviral vector. 
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33. (Twice amended) The composition of claim 32, comprising said gene in combination 
with adriamycin, 5-fluorouracil, etoposide, camptothecin, actinomycin-D [actimomycin- 
D], mitomycin C, or cisplatin. 

98. (Amended) The method of claim 97, wherein said non-small cell lung carcinoma cell is a 
squamous [sqamous] carcinoma cell. 

REMARKS 

The amendment to the specification is needed to correct a typographical error in the 
Specification as filed. Support for this amendment can be found in the inventors' Declaration 
previously filed with the U.S. Patent Office. 

Claim^? was cancelled because the claim, as previously amended, did not introduce 
any further limitations than the claim from which it depended. Claims 2, 33, and 98 were 
amended to correct misspellings. Claim 5 has been amended to clarify an inconsistency in the 
claim. 

Applicants respectfully submit that these amendments does not introduce any new matter 
into the specification. 

The Examiner is invited to contact the undersigned attorney at (512) 418-3081 with any 
questions, comments or suggestions relating to the referenced patent application. ^ 
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FULB RIGHT & JAWORSKI Attorney for Applicant 

600 Congress Avenue 

Suite 1900 

Austin, Texas 78701 

(512)418-3000 

Date: October 24, 2000 
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p53 is required for radiation- 
induced apoptosis in mouse 
thymocytes 

Scott W. Lowe* f Earlene M. Schmitt*, 
Salfie W. Smith!, Barbara A. Osbornett 
& Tyler Jkcks*§ 

* Department of Biology, Center for Cancer Research. Massachusetts 

Institute of Technology. 77 Massachusetts Avenue. Cambridge. 

Massachusetts 02139. USA and 

t Department of Veterinary and Animal Sciences 

t Program in Molecular and Cellular Biology. 309 Paige Laboratory. 

University of Massachusetts. Amherst, Massachusetts 01003. USA 

§ To whom correspondence should be addressed 

The pS3 tumour suppressor gene Is the most widely mutated gene 
la human tumorigenesis ,a . p53 encodes a transcriptional 
activator^ whose" targets may include geaes that regulate genomic 
stability*- 9 , the cellular response to DNA damage 10 '", and cell- 
cycle progression 12 * 13 . Introduction of wild-type pS3 into cell lines 
that have lost endogenous pS3 function can cause growth arrest 
or Induce a process of cell death known as apoptosis 17,18 . During 
normal development, self-reactive thymocytes undergo negative 
selection by apoptosis 19 , which can also.be induced in immature 
thymocytes- by other stimuli, * including exposure to 
glucocorticoids 15 and ionizing radiation 16 . Although normal nega- 
tive selection involves signalling through the T-cell receptor 14 , the 
Induction of apoptosis by other stimuli Is poorly understood. We 
have Investigated the requirement for pS3 during apoptosis in 
mouse thymocytes. We report here that immature thymocytes 
lacking pS3 die normally-when exposed to compounds that may 
mimic T-cell receptor engagement and to glucocorticoids but are 
resistant to the lethal etTects of ionizing radiation. These results 
demonstrate that pS3 Is required for radiation-Induced cell death 
la tne thymus but Is not necessary for all forms of apoptosis^ 

Because of the potential involvement of p53 in inducing. 
apoptosis 17 * 18 we studied ceil death in thymocytes derived from 
mice carrying a germ-line disruption of the p53 gene (TJ. and 
It Weinberg, unpublished results). Thymocytes were isolated 
from p53 homozygous mutant, heterozygous and wild-type 



animals and subjected in vitro to treatments that induce apop- 
tosis. Although treatment with phorbol ester/ calcium ionophore 
(which may mimic engagement of the T-cell receptor 22 ) and 
dexamelhasone induced death with similar kinetics in thy- 
mocytes of all three genotypes (Fig. \a % b) % p5J-dcficienl cells 
displayed a dramatic resistance to the effects of ionizing radi- 
ation (Fig. 1c). Moreover, the p53 -deficient thymocytes 
remained viable following doses up to 2,000 cenliGreys (cGy); 
wild-type cells were susceptible to treatment with as little as 
100 cGy (Fig. 2). In addition, at all doses and times examined, 
cells isolated from heterozygous animals displayed intermediate 
viability compared to wild-type and homozygous mutant 
animals (Figs Ic and 2). 

We further tested the effects of dexamethasone and y-irradi- 
ation on thymocyte survival in vivo. Thymocytes isolated from 
treated animals were examined for the presence of the cell- 
surface markers CD4 and CD8 using two-colour fluorescence- 
activated cell sorter (FACS) analysis. Thymuses from untreated 
normal and mutant animals contained about 75-80% immature, 
CD4 + CD8 + cells, which are susceptible to apoptosis 23 . Forty- 
eight hours after treatment with dexamethasone, all thymuses 
ficant reduction in cell .numbers, which could 
be attributed to selective loss of CD4 + CD8 + cells (Fig. 3a, 6). 
Similarly, thymuses from wild-type animals exposed to y-radi- 
ation contained a low percentage of CD4 + CD8 + cells (Fig. 
3a, 6). In contrast, irradiation of p53 homozygous mutant 
animals caused only minor reductions in CD4 + CD8 + cells (Fig. 
3*, bY 

Conditions that induced cell death produced the internucleo- 
somal degradation of thymic DNA, which is indicative of apop- 
tosis 24 (Fig. 3c). This characteristic *DNA ladder' was not 
evident after irradiation of homozygous mutant animals' (Fig. 
3 c). Consistent with the data from in vitro experiments, mice 
that were heterozygous for the p53 mutation were less suscep- 
tible than wild-type mice to the effects of ionizing radiation, 
both in survival of CD4 + CD8 + cells and extent of DNA ladder- 
ing (Fig. 36, c). 

Given the apparent requirement for p53 function in radiation- 
induced apoptosis of thymocytes, we examined the steady-state 
level of p53 protein in wild-type cells after exposure to ionizing 
radiation. Consistent with findings in other cell types 10 ' 11 , irradi- 
ation of thymocytes caused a dramatic increase in p53 levels. 
The accumulation of p53 protein was apparent within 1 h, before 
significant degradation of DNA (Fig. 4 and data not shown). 



FKx 1 Induction of apoptosis in Isolated thymocytes. Thy- 
mocytes were treated with: a; lOnM phorbol ester (phorbol 
12-myristate 13-acetate, PMA) and 500 nM calcium ionophore 
(A23187k b, lVM dexamethasone; or c 500 cGy Ionizing 
radiation and viability was assessed at various times 
thereafter. Thymocytes were derived from p53 homozygous 
mutant (■). heterozygous {A) and wild-type (•) animals. 
(vOHOOS. Mutant mice used in these experiments carry a 
germ-line disruption of the p53 gene (TJ, and R. Weinberg, 
unpublished results) that was made by gene targeting in 03 
embryonic stem ceUs^. The mutation consists of a replace- 
ment by the bacterial neo gene of p53 sequences between 
exens 2 and 6; CmmunoprecipitatEon enalysis has confermed 
that the mutation eliminates production of p53 protein 8 . The 
mutation is carried on a hybrid (CS7BL/6 x 129/sv) genetic 
background. Although genetic background Influences the sensitivity of thy- 
mocytes to treatments such as irradiation** we obtained consistent results 
from all animals within a given genotype. Thymocytes were isolated from 
mice age 4.5-7 weeks in tissue culture media (DME supplemented with 5% 
fetal bovine serum and 25 mM HEPES. pH 7.2) and adjusted to a density of 
. 1 xlO* per ml. At time zero, cultures were treated, divided Into 16-mm 
weds (ixlO 6 per well) and incubated at 37 *C The relative amounts of 
nonviable cells were determined at various times by uptake of fluorescein 
teothkxyanate (RTC) and FACS analysis 103 . Values represent the average 
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viability from four independent experiments with standard deviations: each 
experiment compared cells derived from one mutant one he tero zygote and 
one wild-type animal and were normalized to untreated samples from the 
same animal. Two experiments used littermales derived from F x crosses. 
There were no significant differences between viability of untreated thy- 
mocytes over the period of the experiment (not shown); on average, viability 
of untreated cells was about 70% at 24 h. Cell death by apoptosis was 
confirmed by analysis of genomic DNA (data not shown: see Rg. 3). Irradiation 
was done with a GammaCetl 40 equipped with a l37 Cs source. 
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FIG. 2 Viability of isolated thymocytes treated with varying doses of ionizing 
radiation. Thymocytes were isolated from p53 homozygous mutant (■). 
heterozygous (A) and wild-type (•) animals and treated with varying doses 
of ionizing radiation. Viability was assessed 20 h after treatment as 
described in Fig. 1. Values represent averages from three independent 
experiments and are normalized to the amount of viable cells remaining In 
untreated cultures derived from the same animal. 



In contrast, treatment with phorbol ester/calcium ionophore 
and dexamethasone resulted in little or no increase in p53 levels. 

These results establish the involvement of p53 in a cell death 
pathway, specifically radiation-induced apoptosis in the thymus. 

also occur in the absence of p53 function. Thus, cell death m 
the thymus can be subdivided into at least two distinct pathways, 
one requiring p53 and one that is p53 independent. The existence 
of multiple apoptotic pathways in the thymus has been suggested 
from the analysis of bcl-2 transgenic mice 17 ' 16 . Furthermore, the 
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RG.3 Thymocyte apoptosis lnvho.p53 homozygous mutant, heterozygous 
and wad-type animals were treated with dexamethasone or Ionizing radiation 
and isolated thymocytes examined for, the cell surface expression of C04 
and C08 Carter 46 h) and the catkin of genomic ONA (after lOh). a, 
Two-cotour Immunonuorescence contour plots from FACS analysis of C04 
and C08 surface e xpression in wild-type and p53 homozygous mutant mice 
' b. Mean percentage of surviving C04*C08* thymocytes from wad-type (□). 
heterozygous (£3). and p53 homozygous mutant (■) mice 48 h after treat- 
ment with oexamethasone (0), y4rra<fiation <R). or no treatment Wh C 
Agarose get electrophoresis of total thymus ONA from wild-type (+/ +). p53 
heterozygous <+/-)♦ and p53 homozygous mutant (-/-) mice 10 h after 
treatment with dexamethasone (O), y-irradiation (R). or no treatment (N). 
The position of molecular size standards (in base pairs) Is shown at right 
METHODS. Thymocytes were recovered from mice 48 h after treatment with 
0.5 mg oexamethasone (administered by Intraperitoneal Injection In PBS), 
y-frrstfatxon (500 cGy). or rto treatment end stained ydth phycoerythrin- 
conjugated anti-C04 and FrrOconjugated anti-C08 antibodies <anti-L3T4 
and anti-Lyt 2. Becton Dickinson). Multiparameter analysis of five cells was 
done on a FACStar Plus (Becton Dickinson). Oead cells were excluded by 
staining with propidium Iodide and by gating of forward and side scatter of 
* light during FACS analysis. The relative contributions of CD4 and COS- 
expressing subpopulations were estimated using the Dtsp2D program 
(Becton Dickinson). Representative samples are shown In a Values In 6 
represent averages from three Independent experiments (except the 
dexamethasone-treated heterozygous samples, which Is an average of two 
experiments). Total genomic ONA was analysed from 10° thymocytes Iso- 
lated 10h after the treatments described above, according to the protocol 
•nref.36. 
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apparently normal development of mice homozygous for a p53 
mutation (ref. 27 and TJ. and R. Weinberg, unpublished results) 
suggests that p53 is not required for cell death in many, perhaps 
most, instances. 

p53 has been implicated in controlling a checkpoint during 
the Gl phase of the cell cycle that may monitor the state of the 
DNA before entry into S phase 1 For example, /75J-deficient 
fibroblasts fail to arrest transiently in Gl after y-irradiation, 
although they still pause normally in G2 (ref. 11), A rapid 
accumulation of p53 precedes Gl arrest in fibroblasts 10 ** 1 and, 
as shown here, radiation-induced apoptosis in thymocytes. Thus, 
the different cellular responses (apoptosis versus Gi arrest) may 
result from the activation of distinct target genes by p53. Alterna- 
tively, activation of the same target genes in the two cell types 
could have different consequences- The fact that elevated levels 
of p53 can lead to the initiation of apoptosis is consistent with 
earlier studies that demonstrated a link between p53 expression 
and cell death 22 - 23 , and it is possible that many conditions that 
lead to an accumulation of p53 could induce apoptosis. Those 
stimuli which cause apoptosis in thymocytes in the absence of 
p53 function may use other transcription factors to activate the 
same set of *cell death* genes. 

The data presented here define another mechanism by which 
p53 can act as a" tumour suppressor gene. It has been proposed 
that the mutational inactivation of p53 during turaorigenesis 
might allow the further accumulation of oncogenic mutations, 
due to the removal of an important Gl checkpoint 11 * 2 *. In 
thymocytes, and perhaps in other cell types as well, the absence 
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FIG. 4 p53 levels In Isolated thymocytes undergoing apoptosis. ThyrrK>cyte, 
were Isolated from wfld-type (+/+) and homozygous mutant <-'-|*^; 
and treated with cytotoxic agents. At i and 4 h after treatrnent p53 leveK 
were determined by western Wot analysis. The treatment and tf^rpc 
the cells are Indicated above the appropriate lanes: rnrroal tesue orfUtf 
media (untreated); PMA + A23187 (P/Ak oexamethasone (dexMonWng radi 
ation (IR). The time (in h) after treatment Is* indicated over 
METHODS. Thymocytes were isolated and treated as ^ 
except the cultures were incubated * 75 cm 2 tissue culture^ flasks aOo; 
per flaskl for each sample, i x 10 7 cetls were ^^^^^^1 
Laenunnbuffe^ 

gets and transferred to PV0F membranes CMafipore). ^^^J^ t 
Mocked and probed with a poof of pS3-specffc 
<PAb42JL PA5240 and PAb248)~~ p53 was ^te^us^anj^ 
ptosptatase^Jugated secondary antibody and a cr^umtr^scentw 

- strate (ref. 40: Uiml-Phps 530. Boerc^er-Mannhelm). - *" - *«<»^^ 
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of pS3 function can lead lo inappropriate cell survival after 
y-irradiation. The failure to eliminate cells that have incurred 
DNA damage could lead to the selection of cells that have 
undergone neoplastic transformation. Note that among the 
various tumour types that occur in p53 homozygous mutant 
mice, lymphoma is by far the most common (ref. 27 and TJ. 
and R. Weinberg, unpublished results), and the four cases of 
this tumour that have been examined from our p5J-deficient 
mice have consisted predominantly of CD4 + CD8 + cells (TJ., 
unpublished results). Thus, like bcl-2 activation 29 ' 31 , the inacti- 
vation of p53 may contribute to tumorigenesis through an inhibi- 
tion of apoptosis. • □ 
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DEATH by apoptosis is characteristic of cells undergoing deletion 
during embryonic development, T- and B-cell maturation and 
endocrine4nd uced atrophy 1 . Apoptosis can be initiated by various 
agents 1 " 5 and may be a result of expression of the oncosuppressor 
gene p53 (refs 6-$). Here we study the dependence of apoptosis 
on p53 expression In cells from the thymus cortex. Short-term 
thymocyte cultures were prepared from mice constitutively 
heterozygous or homozygous for a deletion in the pS3 gene intro- 
duced Into the germ line after gene targeting. Wild-type thymocytes 
readily undergo apoptosis after treatment with ionizing radiation, 
the glucocorticoid methylprednisolone, or etopostde (an inhibitor 
of topoisomerase II), or after Ca 2+ -dependent activation by phor- 
bol ester and a calcium ionophore. In contrast, homozygous null 
pS3 thymocytes are resistant to induction of apoptosis by radiation 
or etopostde, but retain normal sensitivity to glucocorticoid and 
calcium. The time-dependent apoptosis that occurs In untreated 
cultures Is caeaaffect&l by p53 ctatass. Cells (heterozygous for pS3 
deletion are partially resistant to radiation and etoposide. Our 
(results show that p53 exerts a significant and dose-dependent effect 
in the initiation of apoptosis, but only when it is induced by agents 
that cause DNA-strand breakage. 

Wc compared normal thymocytes with those from mice in 
which, as a result of gene targeting, a deletion was introduced 
to disable the p$3 gene. EH embryonic stem (ES) cells, derived 
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from strain 129/OIa (ref. 9), and cultured in leukaemia inhibiting 
factor (LIF)-suppletnented medium, were used to generate 
mutated clones carrying a deletion encompassing exons 2-6 of 
p53. Two targeting vectors were used, pCPR3.1 (Fig. la) and 
pCPRS.L Both contained a 25-kilobase (kb) fragment from 
within intron 1, a 5-kb fragment including exons 7-11, and a 
pgk-neo cassette. In pCPR 5.1, a pgk-tk cassette was added at 
the 3' end of the genomic sequence. Following electroporation, 
183 G418-resistant colonies and 204 colonies doubly resistant 
to G418 and Ganciclovir were screened by Southern blotting. 
Of these, a total of 5 clones carried the predicted modification 
to p53. 

Germ-line chimaeras were obtained from one of these clones, 
R72, after injection into F 2 (C57BL/6xCBA) blastocysts. 
Offspring were analysed by Southern blotting of their DNA to 
confirm, the presence of the mutated allele and mice hetero- 
zygous (+/— ) for the mutation were mated to generate animals 
homozygous (-/— ) at the mutant locus (Fig. 16). Chimaeras 
were exclusively mated to strain 129/Ola females and therefore 
all experimental animals had an inbred 129/Ola genetic back- 
ground. 

Suspensions of thymocytes obtained from normal animals 
showed the expected sensitivity in vitro to y-radiation, metiiyl- 
prednisolone, etoposide and a calcium-dependent activation 
stimulus provided by a combination of phorbol myristoyl 13- 
acetate (PMA) with the calcium ionophore ionomycin. Cells 
from f5J-nuli animals, however, retained their sensitivity to 
glucocorticoid but were completely resistant to induction of • 
apoptosis by radiation, even at the (relatively high dose of 7 Gy 
(Fig. 2). This effect of p53 was gene-dose-dependent, as shown 
by the intermediate sensitivity oif cells from animals bearing 
only a single effective copy of p53~ Thymocytes from homozy- 
gous null p53 mice, and (to a slightly lesser extent) from 
heterozygous animals, were also relatively resistant to apoptosis 
induced by the topoisomerase II inhibitor, etoposide (Fig. 3a). 
Unlike radiation, however, etoposide at increasing concentra- 
tions elicited progressively more apoptotic cells. PMA with 
ionomycin was similar to glucocorticoid in being equally 
effective at inducing apoptosis in normal, heterozygous and 
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of p53 function can lead lo inappropriate cell survival after 
y-irradiaiion. The failure to eliminate cells that have incurred 
DNA damage could lead to the selection of cells that have 
undergone neoplastic transformation. Note that among the 
various tumour types that occur in p53 homozygous mutant 
mice, lymphoma is by far the most common (ref. 27 and T.J. 
and R. Weinberg, unpublished results), and the four cases of 
this tumour that have been examined from our p5J-deficient 
mice have consisted predominantly of CD4*CD8* cells (TJ,, 
unpublished results). Thus, like bcl-2 activation 29 " 31 , the inacti- 
vatton of p53 may contribute to tumorigenesis through an inhibi- 
tion of apoplosis. □ 
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Death by apoptosis is characteristic of cells undergoing deletion 
during embryonic development, T- and B<ell maturation and 
endocrine-induced atrophy 1 . Apoptosis can be initiated by various 
agents 1 "" 5 and may be a result of expression of the oncosuppressor 
gene p53 (refs 6-«). Here ire study the dependence of apoptosis — 
on p53 expression in cells from the thymus cortex. Short-term 
thymocyte cultures were prepared from mice constitutively 
heterozygous or homozygous for a deletion in the pS3 gene intro- 
duced into the germ line after gene targeting. Wild-type thymocytes 
readily undergo apoptosis after treatment with ionizing radiation, 
the glucocorticoid methyl prednisolone, or etopostde (an inhibitor 
of topoisomerase II), or after Ca 2+ -dependent activation by phor- 
bol ester and a calcium io nop ho re. In contrast, homozygous null 
pSJ thymocytes are resistant to induction of apoptosis by radiation 
or etopostde, but retain normal sensitivity to glucocorticoid and 
calcium. The time-dependent apoptosis that occurs In untreated 
enures 3s ssnaffecte<a by p53 status. Cells (heterozygous for p53 
deletion are partially resistant to radiation and etoposide. Our 
results show that pSJ exerts a significant and dose-dependent effect 
in the initiation or apoptosis, but only when it is induced by agents 
that cause DNA-strand breakage. 

Wc compared normal thymocytes with those from mice in 
which, as a result of gene targeting, a deletion was introduced 
to disable the pS3 gene. EI4 embryonic stem (ES) cells, derived 
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from strain 129/Oia (ref. 9), and cultured in leukaemia inhibiting 
factor (LIF)-suppIemented medium, were used to generate 
mutated clones carrying a deletion encompassing exons 2-6 of 
pS3. Two targeting vectors were used, pCPR3,l (Fig. la) and 
pCPRS.L Both contained a. 2.5-kilobase (kb) fragment from 
within intron 1, a 5-kb fragment including exons 7-1 U and a 
pgk-neo cassette. In pCPR 5.1, a pgk-tk cassette was added at 
the 3' end of the genomic sequence. Following electroporation, 
183 G418-resistant colonics and 204 colonies doubly resistant 
to G418 and Ganciclovir were screened by Southern blotting. 
Of these, a total of 5 clones carried the predicted modification 
to p53. 

Germ-line chimaeras were obtained from one of these dones, 
R72, after injection into F 2 (C57BL/6xCBA) blastocysts. 
Offspring were analysed by Southern blotting of their DNA to 
confirm the presence of the mutated allele and mice hetero- 
zygous (+/-) for the mutation were mated to generate animals 
homozygous (— /— ) at the mutant locus (Fig. 16). Chimaeras 
were exclusively mated to strain 129/Ola females and therefore 
all experimental animals had an inbred 129/Ola genetic back- 
ground. 

Suspensions of thymocytes obtained from normal animals 
showed the expected sensitivity in vitro to y-radiation, methyl - 
prednisolone, etoposide and a calcium-dependent activation 
stimulus provided by a combination of phorbol myristoyl 13- 
acctate (PMA) with the calcium ionophore ionomycin. Cells 
from />5J -null animals, however, retained their sensitivity to 
glucocorticoid but were completely resistant to induction of 
apoptosis by radiation, even at she relatively high dose of 7 Gy 
(Fig. 2). This effect of p53 was gene-dose-dependent, as shown 
by the intermediate sensitivity of cells from animals bearing 
only a single effective copy of p5J. Thymocytes from homozy- 
gous null p53 mice, and (to a slightly lesser extent) from 
heterozygous animals, were also relatively resistant to apoptosis 
induced by the topoisomerase 11 inhibitor, etoposide (Ftg- 3a). 
Unlike radiation, however, etoposide at increasing concentra- 
tions elicited progressively more apoptotic cells. PMA with 
ionomycin was similar to glucocorticoid in being equally 
effective at inducing apoptosis in normal, heterozygous and 
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FIG. 1 Strategy for the inactivation of t ie murine p53 gene. a. The 
p53 locus {boxes represent exons 1-1 ). The vector pCPR3.1 used 
to generate clone R72 was created b> ligation of a Hind\\-BamH\ 
fragment of intron 1 to a BamW-Ecc * fragment encompassing 
exons 7-11 (from murine genomic pSJ clone pMSVp53G; ref. 22). 
and then inserting a pgk-neo cassette 33 at the junction of these 
fragments. pCPRS.l differs by the inclusion of a pgk-tk cassette 
at the Bgti\ site at the 3' end of the p53 homology (1.8 kb 
Bgn\~EcoRl HSV- tk fragment 24 in the Smal site of a pgk expression 
vector 25 ). The two probes used for Southern analysis are indicated, 
one internal (P3. a 2-Kb Hindill fragment) and one external (P4, a 
0.8 kb fragment from a £coRI-H/ndl(l double digest) to the 
homology. Thick lines represent genomic ON A; thin lines, piasmid 
ONA. *B* indicates a BgtW restriction enzyme digestion site. 6. Typical 
Southern analysis of progeny mice after restriction with BgtW and 
probing with P3. An identical pattern is obtained with P4. The 
positions of bands corresponding to the wild-type p53 allele (16 kb) 
and the neo-containing allele (11 kb) are indicated 
IvCTHODS. Etectroporation was done as described™ After one day. 
targeted cells were selected in 200 jig mi" 1 G418 and. when 
counterselection was required, in 2 jtM Ganciclovir in the continued 
presence of G418 after 4 days. Clones were transferred into 
G418-containing medium after 10 days. Following identification of 
targeted clones and production and breeding of germ-line 
chimaeras. DNA was prepared from tail biopsies, digested, separ- 
ated by electrophoresis in a 0.8% agarose gel. transferred to a 
Hybond-rT filter (Amersham) and hybridized according to the 
manufacturer's instructions. 
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homozygous-null thymocytes (Rg. 3a); the rates at which these 
cells entered apoptosis in the absence of an inducing stimulus 
were comparable (Rg. 36). 

Expression of p53 was also investigated immunocytochemi- 
cally in smears of thymocytes from wild-type mice using the 
murine-spedfic antibodies CM-3 (a polyclonal antibody) and 
PAb242 (a monoclonal antibody against N-tcrminal epitopes of 
p53; ref. 10). Over the first four hours of culture, the proportion 
of etoposide- and radiation-treated cells showing intranuclear 
p53 rose to 6.5%, whereas less than 3% of nuclei from untreated 
and glucocorticoid-trcated thymocytes were positive. 

These data raise several interesting issues regarding the role 
of the p53 oncosuppressor gene in apoptosis. Previous studies 
have shown that expression of wild-type p53 (but not of the 
mutated, oncogenic form) induces apoptosis in cells of eryth- 
roid*, myeloid 7 and colorectal epithelial lineages*. However, in 
these experiments p53 was expressed in a non-physiolpgical 
environment as part of a recombinant construct and introduced 
into immortalized cells in which other uncharacterized changes 
may have occurred. Here, we have studied inactivation of one 
or both copies of the normal gene in otherwise normal cells 
from a fully differentiated organ. We show that p53 has a 
limiting, genc-dose-dependent effect on apoptosis following 
some, but not all, types of lethal stimuli. By contrast, using 
thymocytes from animals heterozygous for an Rb-l null allele , 
we found no evidence for a similar role for the retinoblastoma 
oncosuppressor gene (data not shown). 

Ionizing radiation and etoposfde both differ from glucocor- 
ticoid in causing immediate DNA-strand breaks in thymocytes \ 
which in the case of ionizing radiation are mainly single-strand 
nicks that arc repaired within an hour 11 . The irradiated cells are 
nonetheless committed to apoptosis, which is initialed in a 
stochastic fashion over the ensuing several hours, suggesting 
that a lethal signal is generated within the damaged cells that 
is not revoked by subsequent DNA repair. Intranuclear p53 
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protein is known to accumulate following DNA damage MJ , 
and our data provide evidence that this is part of the lethal signal. 

Etoposidc stabilizes the topoisomerase-DN A complex during 
its cleavage-religation cycle, and so generates double-strand 
DNA breaks, even in non-replicating cells w . The reason for the 
efficacy of such drugs in cancer chemotherapy is not dear, 
although they can initiate apoptosis in a variety of ceil 
types' 2 * 17 * 1 *. Our data show that the apoptosis caused by etopo- 
side in cortical thymocytes, which are rich in topoisomcrase U, 
depends largely upon p53 % although additional modes of drug 
action may apply at higher concentrations. 

There must also be a p53-tndependent pathway responsible 
for the apoptosis initiated by glucocorticoid treatment, calcium- 
dependent activation and in vitro ageing, the combination of 
calcium ionophore and the protein kinase C activator, PM/^, 
reproduces many features of the 'activation-induced* death of 
rodent thymocytes achieved by crosslinking the T-cell antigen 
receptor 1 *. Thus it provides a model of the thymocyte death 
involved in the physiological process of negative selettjon. Cal- 
cium-dependent activation and glucocorticoid sometimes exert 
mutually antagonistic effects on thymocyte apoptosis , suggest- 
ing that this p5J-independenl pathway may itself be complex. 
It may involve protein synthesis, as thymocyte apoptosis induced 
by either ionophore or glucocorticoid is abrogated by the protein 
synthesis inhibitor cycloheximide 20 . Cycloheximide a8so blocks 
the thymocyte apoptosis caused by radiation* and topoisomcrase 
11 inhibitors 1 -, although it does not affect the immediate DNA 
breakage caused, by these agents. The p 53 -dependent and 
independent pathways may therefore share common elements 
that require protein synthesis downstream of p53. The relation- 
ship of the pathways to each other might be resolved through 
study of p53 substrates (such as the growth-arrest gene 
GADD45; rcf. 21) that might be common to both. 

In conclusion, we have demonstrated a strictly p5J -dependent 
pathway to apoptosis in thymocytes, cells that arc oriented 
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FIG. 2 Induction of apoptosis in thymocytes in suspension culture after 8 h 
exposure to methytprednisolone (a) or 8 h after y-irradiation ( 0 ). Ceils from 
the same thymus glands appear in both a and b, and each thymus is given 
a unique symbol according to jtsTp53 genotype: wild-type (+/+). fated and 
open circles; heterozygote (+/-). filled and open squares: homozygous null 
1-/-X triangles and diamonds. 

METHODS. Suspensions of thymocytes (100 yd) at 10 7 ml" 1 in Glasgow- 
modified Eagle's medium (GMEM) 3 were placed in the wells of a microtitre 
plate with cnethytpreohtsolone sodium succinate (Solu-meoVone Upjohn) 
diluted tn isotonic saline, or with saline as control. For irradiation, immediately 
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before plating thymocytes were suspended in 13-ml screw-capped nylon 
tubes and exposed to y-rays from a 137 Cs source at -0.5 Gy min'\ After 
incubation of the plates at 37 <C in 5% C0 2 in air. cells were fixed in 4% 
formaldehyde in ethanol overnight washed three times in water, stained 
with 10 jig ml " 1 acridine orange in saline and viewed for nuclear chromatin 
morphology in a fluorescence rnicroscope. Apoptotic cells were unequivocally 
recognized by their condensed, sometimes fragmented chromatin 1 . All date 
points are the means of triplicate wells. At (east 200 cells were counted 
from each well, giving reproducibility to within 5%. 
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FIG. 3 Induction of apoptosis in thymocytes after 8 h exposure to etoposide 
orJPMA and lonpmycin (a), or with increasing time in untreated cultures (0) 
The p53 status of these thymocytes was +/+. black bars; «V-.grey bars: 
-/-. open bars. A single thymus of each type was the source of all the 
cells in each of a and b, 

METHOOS. As for Fig. 2. Etoposide (Sigma) was imially made up in dimethyl- 
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sulphoxide at 100 mM and diluted in saline. PMA and ionomycin (Sigma) 
were applied at respective concentrations of 5ngmT l and S^mT 1 
(conation A) or at fivefold greater concentrations of both agents (condition 
B). The no-treatment control contained 0.1% (v/v) olmethylsutphOKide in 
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towards programmed deletion by this mode of death. Agents 
that initiate DNA-sirand breakage kill thymocytes by this path- 
way, but other lethal stimuli are effective in the absence of p53. 
The p53 -independent stimuli include several that mimic physio- 
logical cell-deletion signals, namely glucocorticoid, calcium- 
associated activation and ageing in vitro. □ 
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The (ranscriptioa factor Oct-1 belongs to a family containing a 
POU DNA-binding domain. This bipartite domain is composed 
of a POU-specific domain (POUJ and a POU-homeodomain 
(POU M ) connected by a flexible linker. The left half of the optimal 
POU binding site, the octamer ATGCAAAT, is recognized by 
POU, and the right half by POU w . We have determined the 
solution structure of POU, by nuclear magnetic resonance. It 
consists of four or-helices connected by short loops. Helices I and 
IV are in a parallel coiled-ooil arrangement. The folding topology- 
appears to be similar to that of the bacteriophage A- repressor and 
434 repressor. For the well defined parts of the protein (residues 
1-71), the average root-mean square deviation for the backbone 
atoms is 0.9 A. Based on the observed selective exchange broaden- 
ing in the ( ,5 N, g H)-HMQC (heteroouclear multiple quantum 
coherence) spectrum of the POU,-DNA complex we conclude that 
DNA-binding is mediated by helix UI. We propose a model for 
the POU-DNA complex in which both recognition helices from 
the two subdomatns have adjacent positions in the major groove. 

POU transcription factors are involved in transcriptional regu- 
lation, development and cell differentiation 1 " 1 . One member of 
this family, Oct-l, is a ubiquitously expressed protein involved 
in the regulation of housekeeping genes 5 , and adenovirus DN A 
replication The functional organization of the protein is 
shown 5n Fig. la. The DNA-binding domain consists of two 
subdomains, which are autonomously folded structures and both 
display sequence-specific DNA-binding 8 '. We cloned and 
expressed an 80 ami no-acid fragment containing POU tl which 
is functionally active in sequence-specific DNA binding*. The 
amino-acid sequence is depicted in Fig. 16. 

The resonance assignment was accomplished using two- 
dimensional and heteronuclear three-dimensional nuclear mag- 
netic resonance (NMR) spectra of unlabclted and ,$ N-labelled 
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FIG. 1 a, Functional organization of the Oct-1 protein 17 - 16 . 6. Amino-acid 
sequence of the POO-specrfc DNA-binding fragment of Oct-1 used in this 
work. Residues both underlined and in bold, are absolutely conserved among 
the POU proteins, whereas residues only in bold, are subject to conservative 
changes MA l/WL R/K, E/0. S/T and S/C; single-letter amino-acid code). 
The residues 1-71 entail the conserved POU, domain (corresponding to 
residues 284 to 355 of Oct-1 18 ), whereas residues 72-76 are part of the 
linker 18 . Residues -4 to -1 arise from the cloning procedure. The secondary 
structure elements (a-helices) are indicated below the sequence. 
METHODS. The protein was expressed by an Escherichia coii PET-15 0 plasmid 
(Novagen)- Purification was accomplished by Ni-NTA (Qiagen) affinity 
chromatography 20 . After thrombin cleavage of the Ms-tagged protein. POU, 
was purified by ion-exchange chromatography to homogeneity. Uniformly 
1S N-Iabe«ed POU, was produced by using 1S NH«CI as the sole nitrogen source 
in M9 minimal medium. NMR measurements were done on Briber AMX 500 
and AMXT 600 spectrometers using 2-4 mM solutions of the protein in 
0.1 M NaCl 5 mM dithiothreitol. pH 5.0 at 25 *C. 

POU, (M.C tt a/., manuscript submitted). On the basis of the 
observed sequential and medium range connectivity patterns 
and the exchange data, four a-helices could be identified (Fig. 
16). From the nuclear Overhauser effect (NOE) spectra 53 
intraresidual, 372 sequential, 328 medium-range and 263 long- 
range NOEs wre obtained. Furthermore, 82 constraints for 41 
hydrogen bonds, and 74 6 and 19 x torsion angle constraints 
were determined. An overview of all interresidual NOE con- 
nectivities is given in Fig. 2. 

The structure was determined on the basis of NMR data with 
the distance geometry program DGU (ref. 10). We used 1,098 
upper distance bounds and 93 torsion angle constraints to calcu- 
late a set of 30 structures for POU,, of which 23 had low final 
energy values after energy minimization and displayed no large 
violations (see Fig. 3a). The structures display an average root- 
mean square deviation (r.m.s.d.) about the mean coordinate 
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Abstract 

We have Investigated the effect of chemotherapeutic and DNA damag- 
ing agents on binding of the tumor suppressor phosptioprotein pS3 to its 
consensus DNA sequence. Activation of f 5J-DNA binding was seen for 
treatment with radiation, hydrogen peroxide, actinomycin D, Adriamycln, 
etoposide, camptothedn, 5-fluorouradL, mitomycin C, and dsptatin. These 
results showed that DNA strand breaks were sufficient to lead to increased 
levels of pS3. The protein synthesis Inhibitor cydoheximide blocks the 
Increase In pS3 following DNA damage. The increase In pS3 activation in 
camptothedn treated celts may result, at least In part, from an Increased 
hail-life of (he protein and consequent increases in intracellular protein 
concentration. 

Introduction 

The nuclear phosphoprotein p53 is a tumor suppressor gene in- 
volved in cell cycle control (1-4). Mutations of the p53 locus are 
among the most common changes seen in human malignancies (5). 
Loss of vrtp53? either by deletion or point mutation, increases the 
susceptibility .to tumor formation. This has been observed in patients 
with inherited defects in the p53 alleles (Li-Fraumeni syndrome; Ref. 
6) and experimentally in transgenic mice with homozygous deletions 
of the p53 gene (jy^La addition to its established role in the devel- 
opment of malignancy, recent studies indicate that levels of p53 in- 
crease rapidly in response to DNA damage induced by ionizing radi- 
ation (1). Cells which incur DNA damage exhibit delays at both the G| 
and G 2 phases of the cell cycle, and these cell cycle delays are thought 
to allow cells to repair DNA before continuing to DNA synthesis or 
mitosis. Increased vrtp53 levels are required to initiate the G ( block, 
suggesting that vAp53 is a component of the signal transduction path- 
way leading to a G ( arrest (3). In contrast, cells expressing mutant p53 
do not block in G t following DNA damage (1). Since mutations in the 
p53 gene abolish its ability to bind DNA, it is thought that wtp53 
initiates G, arrest through its sequence specific DNA binding. 

Among the questions raised by this work, with potential implica- 
tions for both DNA damage detection mechanisms and therapeutics, 
are which agents and what types of DNA damage lead to increases in 
the levels of wtp531 The presumed reason for the cell cycle block 
following DNA damage is to allow time for repair. Consequently, 
activation of mechanisms for DNA repair may be a component of the 
DNA damage response and thus will influence how the cell responds 
to and repairs DNA damage from chemotherapeutic agents. A system 
involving p53 may be important or at least serve as a model for 
cellular rcfiponses ; to DNA damage which might be therapeutically 
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significant. A high percentage of human cancers have a mutant 
and its presence or absence may influence the efficacy of spec 
therapies. In addition, determining which particular agents inert 
vAp53 may yield information relating to the DNA lesion which 
dates the vrtp53 signal transduction pathway. 

There is substantial evidence that vrtp53 acts as a regulator 
transcription and exerts its physiological effect via sequence spec 
DNA binding (8-1 1). Consequently, studying the DNA-btnding fu 
tions of wtp53 may provide important information on the physio! 
ical function of Wp53. A number of specific DNA sequences to wb 
wtp5J binds have been identified in genomic DNA (8, 10) and fr 
in vitro studies of binding of wtp53 to random oligonucleotides < 
Using these oligonucleotides in conjunction with nuclear extracts ; 
specific p53 antibodies, we have developed a sensitive EMS A assa} 
detect the presence of endogenous wtp53. Using this assay, we 
sessed how DNA damaging agents altered the levels of wy?5J-Di 
binding. 

Materials and Methods 

Cells. NIH-3T3 mouse fibroblasts were grown in Dulbecco's modif 
Eagle's medium (Sigma, St Louis, MO) supplemented with 10% bovine c 
serum (Hydone, Los Angeles, CAX i^utamine, and penidllin&reptouiy 
(Gibco, Grand Island, NY). Cells wetc cultured on 100-mm dishes and a 
when 80% or more confluent 

Preparation of Nudear Extract Following drug exposure or irradtati 
of the cells, the medium was aspirated and the cells were washed twice « 
phosphate buffered saline at 4°C Nuclear extracts were prepared as descrit 
(9) with the following modifications: ecus were lyscd by addition of 2.5 ml 
Buffer A (20 rim 4K^ydroxyethyO*l-p^ 7 
20% glyccroMO ium NaCU.5 mx MgQrO.2 mx EDTA-1 mx diduochrcito 
qim phenylrnemylsuffonyuluoride^. 1% Triton X-100), scraped from the d 
using a rubber scraper; resuspended, and incubated on ice for 5 min. Lysa 
were centrifuged (800 g for 4 min) and the nudear pellet was icsuspended 
3 volumes of extraction buffer (Buffer A plus 500 oim Nad). Nuclei w< 
incubated at 4"C for 30 min with continuous agitation and then centrifiiged 
35.000 g for 10 min. The supernatant containing p53 was removed for iran 
diate use or aliquoted and stored at -80°C for subsequent assays. 

Electrophoretic Mobility Shift Assays. The consensus p53 binding i 
quence determined by Funk {<X3kCK£QOOQGQGC&GTO& Ref- 9) * 
synthesized, prepared in double stranded form, and labeled as previous 
described (12). Binding reactions consisted of nuclear ext&3 (20 ug of pt 
tein), 32 P-labeled oligonucleotide (05 ng). salmon sperm DNA (1 fig: Signt 
and p53 antibody (100 ng pAb42l; Oncogene Sdence, Manhassct. NY) wi 
Buffer A (without the Triton) used to reach a final volume of 25 uL Bindi> 
reactions were incubated at room temperature for 20 min and 8 |d wc 
analyzed on 4% nondenaturing po!yacryiamidc gels as previously describ 
(12). 

DMA Damaging Agents. All agents were obtained from Sigma and stor 
at -20°C after preparation, unless otherwise noted. High concentrations ■ 
camptothedn precipitated when added to medium. To avoid this, medium w 
rapidly added to the appropriate quantity of carnptothecin solution and th* 
added to the culture dish. All other compounds were added directly to cuku 
dishes. Stock solutions were prepared as follows: 0.25 mg/ml actinomycin 
in 95% cthanot; 2^ mg/ml Adriamycin in phosphate buffered saline; I mgft 
cisptatin in HjO, 10 mM camptodiecin in DMSO, 10 mx etoposide in DMS< 
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Fig. I. Effect of actinomycin D oa the bending ofpSJ to its consensus sequence in the 
pceseooc and absence of AW21. In A, nuclear extracts 6oJn untreated control (Coa, Laats 
t^Vv&wycntKMt* ecus (250 ngftnl for3 h,Acu Uncs 14) vc* prepared 
«desc*bed tn-Matouk a«d Methods.- Extracts *ere mixed with *P-p5J oligom^ 
ooxfc w i Ae absence Oanex / and i) or presence {Ltmcs 2, ^) of AM2I (100 ng). For 
^1^^ y ^^f r KX ^ aS ^W^^ with I00-fo<d excess of unta- 
iU ~J } °J * l0 °- foW of * oCigonudeotide 
(Lane 61 la fl, cefls were exposed to 250 ng/ml (Lew / \ 25 agfcU ( W 2 X or 2J cm/ml 

prcparedwd EMSA w* earned out to detect pS3-DHA binding as described ia Themis 
and Methods, i, specific; «f. nonspecific. 

50 ntM 5-fluorouracil in HjO, 1 nw iodoacctamide in H A 1 mg/ml mitomycin 
C ta HiO, 100 taxol in DMSO. Hydrogen peroxide was prepared at a 
conccntratioa of 100 nw in H 2 0 oa the day of the experiment. Cells were 
washed in Dulbccco's modified Eagle's medium without serum and incubated 
in the same prior to addition of the hydrogen peroxide Radiation was delivered 
with a m Cs irradiator at a dose rate of 100 cGy/min. Cycloheximide was 
pcepared as a stock solution of 26 mx in DMSO and stored at -20°C 

Results and Discussion 



Fig. 1A illustrates EMSA binding of endogenous wtp53 to its pal- 
indromic consensus DNA sequence for both untreated and actinomy- 
cin D treated cells. In the absence of antibody 421 (Fig. Li, Lane 1) 
a number otp53 oligoaudeotidc-protein complexes were detected in 
control cells. The addition of anti-/>5J antibody 421 (Ab42i) revealed 
a *upershifted band (Rg. IA, Lane 2), indicating the presence of 
wtpS3 in the protein-DNA complexes. In cells treated with actinoray- 
cia D f a compound known to increase wtp53 protein levels (1), Ab421 
also revealed a supershifted Ab42i-protein complex when compared 
with extracts without antibody (Fig. IA, Lanes 3 and 4). The supcr- 
shifted band in Lanes 2 and 4 was seen only with Ab42 1 and could not 
be detected with antibodies raised against other portions of the p53 
protein- 4 Additionally, this supershifted band was greatly increased in 
actinomycin treated cells (compare Fig. lA t Lanes 2 and 4). To further 
characterize the specificity of the interaction of the p53 consensus 
sequence with wt/>5J t competition assays were carried out A 100-fold 
molar excess of unlabeled P 53 oligonucleotide competitively inhibits 
p53 binding (Fig. IX, Lane 5, s) while an unrelated Cnonself *) oligo- 
tuicleotide had little effect on the/rfi-DNA complex (Fig. W, Lane 6, 
>tx). The presence of, and changes associated with, the lower molec- 
ular weight nonspecific bands were variable between experiments. 
Fig. IA demonstrates that specific p5i-DNA complexes can be de- 
fected in nuclear extracts using an antibody specific for wtp53 and that 
<he levels of this DNA-protein complex can be altered by actinomycin 
O. This increase was examined further in Fig. IB which indicates that 
i5J-DNA binding increases in a dose-dependent manner for actino- 
( nydn D concentrations of US to 250 ng/ml using relatively short 
<3-h) exposure times. 



In Fig. 2 the effect on p5 3 -DNA binding activity of a range of 
chcmothcrapcutic and DNA damaging agents was studied. Increases 
in wip53 DNA binding activity was seen for the free radical inducing 
treatments (radiation, hydrogen peroxide), the combination DNA 
intercalatcrs/iopoisonicrase inhibitors (actinomycin, Adriamycin) and 
the topoisomcrasc inhibitors camptothecin and etoposide. The anti- 
metabolite 5-fiuorouracil also led to significant but less intense 
changes as did the alkylating antibiotic agent mitomycin C Cisplatin 
treatment gave a small increase, whereas the alkylating agent iodoac- 
elamidc did not cause significant increases compared with controls 
Concentrations of iodoacetamide one order of magnitude higher did 
not cause increases in P 53 levels/binding (data not shown). The con- 
centrates used for studies in Fig. 2 were chosen to illustrate the 
efficacy of each agent, but increased p53 levels also were observed in 
response to lower concentrations for most of the compounds as il- 
lustrated for actinomycin D in Fig. 15. For example, significant in- 
creases were seen for adriamycin at 0.1 ug/ml and for 5-fluorouracil 
at 10 um. Included as a control is the microtubule active agent taxol 
which does not directly damage DNA but which will cause cell cycle 
arrest (13). Taxol caused a decrease in p55-DNA binding activity 
compared with untreated cells (Fig. 2). The response to taxol 
variable, with other experiments showing slight increases or decreases 
relative to control (data not shown). 

We examined the time course of activation of p53 for cells treated 
with two agents operating by different mechanisms: the topoisomcrasc 
I inhibitor camptothecin; and the free radical producing agent H 2 0 2 
The time course of increase in p53 following treatment with 100 u£ 
camptothecin is shown in Fig. 3A. Increases in p5J-DNA binding were 
detected as early as 30 min after camptothecin addition and continued 
for up to 6 h. Exposure of the ceils to hydrogen peroxide leads to an 
increase over 2 h and then a decline to control levels after 6 h. It is 
unclear why H 2 0 2 induction of p55-DNA binding should return to 
control levels after 2-4 h. Cellular metabolism of H 2 0 2 may account 
for some of this decrease. However, transient activation of other 
transcription factors following peroxide treatment has been observed 
previously in NIH-3T3 cells (14). Previous studies have shown that 
increases in wtp53 protein occur 30 min after irradiation, while for 
cells exposed to actinomycin there is a slow increase in wto5J protein 
over 24 h (I). v * 

In Fig. 3B we have examined the inactivation of wt/755-DNA bind- 
ing activity during recovery from three different stimuli To do this, 
cells were exposed to either actinomycin D, camptothecin, or HjO^ 
mowed by extensive washing to remove them (Fig. 35). In acting 
mycin D treated cells, p5J-DNA binding activity was slightly in- 
creased compared to the level at the beginning of the washout (Fig. 




* B. Price, unpublished observation*. 



fig. 2. SanwiUtioa ofpSS-DNA btodtog by a taqge ofcfacooAenpa^NA dam- 

5*°* r *f^* k f T" 6 * e * to<i f foRow * C*t, «ttrfa«tood coacrob: X-aiy. radiation 
5Cyf^o^by h^ee^ 

for 3 •dnamyctn (M^ W |<gfait foe 3 b; campwtbeda (caml 100 ux for3 h: 
etoponde <£>o), 400 ftM for 3 h: S-fluorwtracil 0FUI 50 for 3 h: utonrcta C 
(AfAfC), '0^ for24h;lo^^ I0^^c^a(^3^^ 
for 3 h; uxol (Fx). 10 vm for 4 h. Inarbadoas ^ lennicuSTthe h^cd^Z 
nuclear extracts were pecpanod, EMSA *rrc cmic<f «« «i fa -Waterids and Mc^ 
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35). In contrast, when cells treated with camptothecin were washed 
free of the drug, a significant reduction in the levels of the p5i-DNA 

\-'. — A'.~*. ^^.tl. iXZ'.rt tO\ /*Afnn«i'Ml tr\ iUftt t\f iintisach^sf /v»Mc f*Pio 
UlllUUI^ aviiviij V * «£. J ^Ny»m>vi» w w \- -o* 

3B) was seen. In H 2 0 2 ireated cells, p53-DHK binding activity re- 
turned to control levels after washout, as expected from previous data. 
These results are consistent with the known mechanisms of action of 
the three compounds. Actinomycin is a DNA intercalater whose bind- 
ing is essentially irreversible, resulting in the chronic p53 activation 
observed in these experiments. Camptothecin is a reversible inhibitor 
of topoisomerase I, the removal of which allows the topoisomerase to 
complete its catalytic cycle, leading to the observed decreases in p53 
activation. Hydrogen peroxide produces free radicals and single strand 
breaks in DNA. Once it is removed, DNA breaks may be repaired and 
the p53 activity decreased to control levels. In addition. Fig. 3/1 
showed that levels decreased at 6 h even if the hydrogen peroxide 
* were left in place. 

The above data demonstrate that the increase in p53 binding activity 
can be reversed over the course of 4 h if the stimulus is removed. To 
determine if increased levels of wtp5J-DNA binding seen here re- 
quired new protein synthesis or activation of endogenous p5J, cells 
were treated with the protein synthesis inhibitor cycloheximide. Fig. 
4A indicates that exposure of unstimulated cells to cycloheximide 
eliminates any detectable p53 signal (Con - and + ). It also shows that 
pretreatment of the cells with cycloheximide inhibits completely the 
increases in p53 caused by hydrogen peroxide, actinomycin, and 
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camptothecin (Fig. 4A ; compare Lanes - and + for each agent), three 
agents with different mechanisms for damaging DNA. This result 

inHiraf/*< lhal nrw nrol/*Jn wnfrweic. nrrMrnmahlv n f ? cvnfh^-cl*: :~ 
— — , «■- j t "j to 

required in order for cells to increase levels of p53. The half-life of 
pii-DNA complex can be determined by adding cycloheximide to 
prevent new protein synthesis and measuring the levels of p53 at 
various times after addition. Treatment of the unstimulated cells gives 
information on the decay of endogenous p53. In Fig. 4 A (Con - and 
+ ) />5J- ON A binding activity was undetectable 2 h after addition of 
cycloheximide, with ah estimate of the half-life of binding of less than 
30 min (data not shown). This is consistent with estimates of the 
half-life of vnp53 protein previously obtained in unstimulated, un- 
transformed NIH-3T3 cells and found to be about 20 min (15). Thus, 
the half-life of the binding of the p53 to DNA in the presence of 
cycloheximide mirrors the half-life of the protein. The decay of the 
/?5i-DNA binding activity for camptothecin treated cells in the pres- 
ence of cycloheximide is shown in Ftg. 4B and indicates a half-life of .} 
hours (compare Lane 0 with Lanes 2. 4, and S). There appears to be ;; ; 
a relatively rapid decrease over the first 2 to 4 h but not much change^ 
between 4 and 8 h after cycloheximide addition. Thus,' the nature of Jg 
the decrease does not allow a precise half-life to be determined^*? 
Controls (Fig. 45, Lane 5) treated with only camptothecin showj-% 
higher levels of p5i-DNA binding at 8 h than do cycloheximidejg 
treated cells. For comparison, untreated control cells have a much less^g 
intense signal (e.g.. compare Fig- 4A, Lanes Con - and Cam -). Thisj 
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Fig. 4/EtTect of cycloheximide on stimulation of 
pSJ-DtiA binding. la A, celts were cither untreated 
(-1 or pretrcatcd with 13 um cycloheximide for IS 
min <+) prior Co addition of the specified com- 
pounds. Canipiothccin (Com; 100 yu) was added for 
3 b, actinomycin D was added for 3 h (Act. 250 
ag/ml). and H*O a (500 mm) was added for 2 h. Cell 
c in rccts were ehen prepared for EMS A. Control cells 
(Con) were treated with cycloheximide for 2 h. In fi, 
cells were prctrcated with 100 (jm camptothecin for 2 
h prior to (he addition of cycloheximide (13 px). 
Nuclear extracts were prepared 0. 2. 4. or 8 h later for 
EMS A.. Control (Coo) cells were exposed to camp- 
tothecin but were not treated with cycloheximide. 
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clcaily demonstrates ;ui increase in ilic half- life of" the /»iM)NA 
complex (and therefore in the p53 protein) in eaniptotlieein treated 
cells. 

The data in Fig. M demonstrate that ON A damaging agents such as 
actinomycin D induce /;5.?-DNA binding, a response which may he 
secondary to increases in p5J protein levels shown previously in 
ML- 1 myeloblast ic leukemia cells following actinomycin D or radi- 
ation treatment (I). The data indicate that EMSA can detect endoge- 
nous wt/^J in nuclear extracts when used in combination with AM 2 1 . 
previous studies have noted that Ab42I may influence the interaction 
0 (w\p53 with its DNA recognition site (9, 16). Ab42l interacts with 
the COOH-tcrminal region of p53 (17), which is important in control 
of the activation of DNA binding. Removal of the 30 COOH-tcrminal 
amino acids leads to increased DNA binding and modifications of this 
portion of the protein may potentially play a role in in vivo regulation 
o(p53 (16)- Usc °f antibodies recognizing other portions of the 
protein does not have the same effect on DNA binding and does not 
function in conjunction with EMS A (3, 9, 16). 

Recent studies have examined the relationship between DNA dam- 
age and the multiple changes they induce in the cell including gadd 
gene expression, cell cycle arrest, and increased levels of wtp53 (1-3). 
One aspect of these interrelated pathways that has not been addressed 
is what type of DNA damage causes induction of p53. Ionizing radi- 
ation, actinomycin D (1), UV radiation, and UV-mimetic treatments 
with 4-nitroquinolone-l -oxide (18) have all been shown to lead to 
increased levels of vAp53. The agents which we showed in Fig. 2 to 
increase p53 levels cause DNA damage by a variety of mechanisms. 
y-Radiation and peroxide cause DNA strand breaks via free radical 
formation or direct damage to the DNA (19). Actinomycin D and 
Adriamycin are DNA intercalaters which inhibit topoisomerase II (20, 
21) and additional evidence indicates that actinomycin inhibits topoi- 
somerase I as well (22). Etoposide is an inhibitor of topoisomerase II 
whereas camptothecin inhibits topoisomerase I (21). All of these 

> agents will lead to strand breaks in DNA due to inhibition of topot- 
. somerase activity. This indicates that single stranded DNA breaks are 
; sufficient to cause increases in vnp53 levels. Each agent leads to 
! strand break formation by different mechanisms from that for radia- 
i tion and H2O2 but lead to a similar effect on p53 levels. 5-RuorouraciI 
r acts via multiple pathways including incorporation into RNA, incor- 
! potation into DNA, and inhibition of DNA synthesis (20). The ab- 
\ sence of a response to the alkylating agent iodoacetamide indicated 
I that this particular type of damage does not induce the signal trans* 
[ ducdon pathway. This result is in agreement with previous data which 

> showed that alkylating agents do not increase p53 levels as had UV 
^treatment in a BALB/c 3T3 cell line (18). However, both mitomycin 
? C, Which acts as an alkylating agent, and cisplatin, which acts as a 
I DNA cross-linking agent (20), also cause increased levels of p53. 

> These data demonstrate that, although single strand breaks are suffi- 
l dent to cause increased p53 levels, this is not the only type of DNA 
^xlamage which leads to increases. 

The spectrum of response to DNA damaging agents in terms of p53 
1 activation differs from other cellular response systems. This is not 
[ entirely Unexpected since cells react to DNA damage via multiple 
[pathways distinct (initiating events. This is important to note in 
* of the relationship that has been shown between p53 activation 
\ expression of the growth arrest gene, gadd45. A close correlation 
j been shown between activation of p53 and gadd45 expression (3). 
i »y contrast, in a study using HcLa cells with a CAT construct attached 
I Joe promoter of a different member of the gadd family of proteins. 
Indifferent agents induced gadd 1 53 expression (23). For example, 
^.response to iodoacetamide was comparable to that seen for cis- 
s'^^v neomycin C Adriamycio, camptothecin, and etoposide 
\: . ->3^ttimes] control) and was roughly, twice that seen for peroxide. 
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In coat iast. lite response to radiation did not differ significant! 
control. The inaciivation of wild-iy|>c p53 in Hcl*a cells may c 
utc to this marked difference, or it may be an indication that go 
is stimulated by a different pathway to that involving p53fgad 

We have also studied the mechanism by which wt/>5J lcv< 
increased. Inhibition of protein synthesis completely blocks ih 
'vation of p53 and this suggests that new wi/>5J is synthesi: 
response to DNA damage. The decay of p53 activity in campto 
treated cells was greatly increased compared with that of co 
indicating that stabilization is at least one mechanism for the ino 
levels following DNA damaging agents. p53 protein levels a 
creased in transformed cell lines mainly due to increases in th( 
life of the protein (24). In SV40 transformed cells this was due i 
to the association of the T-antigcn with the p53 protein (15). / 
vious study showed that for DNA damage induced with UV ir 
tion, pS3 levels were increased as well as the half-life (from 35 t 
min; Ref. 18). These results are consistent with the data pre< 
above for cells treated with chemoiherapeutic agents. 

In conclusion, we have demonstrated increased synthesis and 
ing of wtp53 to its consensus DNA sequence after exposure to a 
of DNA damaging agents. These data indicate that DNA strand t 
may be sufficient to cause increases in p53 binding activity. Inci 
in the activation of wlp53 appeared to be at least in part relai 
increases in the cellular concentration of protein. The alkylating 
iodoacetamide did not lead to increases, but cisplatin and mitor 
C did, suggesting that other, but not all, types of DNA damage 
initiate this pathway. The class of DNA damaging agents which 
their activity by inducing single strand DNA breaks may activ 
homeostatic mechanism in the cells which results in increased I 
of wip53 bound to its specific DNA sites in the genome. This bii 
may serve to activate transcription of growth arrest genes . 
gadd45\ Ref. 3) and/or repress cell cycle genes and halt DNA \ 
cation. 
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N522 MOLECULAR CHARACTERIZATION OF A 

CHORIOCARCINOMA TUMOR SUPPRESSOR GENE. 
Joseph R. Voland and Christopher Becker Department- M 
Biology and Cancer Center University o( CaMomla San 0«go 
La Jolla, CaMomla 92093 

Wa have previously reported the cONA sequence ot a 
Uar^rnembrane protein. 721P, expressed " S D U ^° 
syncytiotropohblast. endothelium and 
and have shown that It contains a <^o P lasmlc domain 
homologous to the myc family o( oncogenes. ™s flmnartty 
ESudes* leucine ripper, and basic region 
Sogous to the teudne Upper «™d basic reg.on o( myc. 
C^ol^e/flt. ProcNa/AcadSd89:1042S. 1992). 
V We have transfected this gene, under the control of a CMV 
promoter/enhancer. Into the chori«arcUK>ma Cr^BeWo 
j£G and JaR. as weO as the fibrosarcoma line 
Sheeted cells show a reduced prolilerat.ve capacft^a 
decreased mitotic index, and tea to produce 
MdWtooal analysis of the cONA shows that removal o( the 
putative basic region results not only In a loss of the -tumor 
Stressor- effect but also In an Increase in proMerahon of the 

cells. .. . u-.j i_ 

Wjb have also utfltzea an epaope '"'Tl^i 
«n eoitooe of the influenza virus was added to the camoxyi 
koSSTd ttTeWtasinlc domain of 721 P Pret^aanj 
Ctfstotebl analysis of transfected cette taM« ; that 
to eXw appears to associate with the J^^^ 
SwWffi least a portion of 721P could transtocate to the 

^T^ese results suggest that the 721P ^eirTmy ptay «m 
important role In the differentiation of several cell tyr^J^fVff 
i^ons of the molecule homologous to myc are knporUnt b 
ttle (unction of this molecule. Further ™*^JE^!£ 
Wochemteal studies are currently underway to better localize mis 
protein In the ceO. 



MS23 ASSOCIATION BETWEEN P53 KUTATION AKD 
P-GLYCOPROTEIN EXPRESSION IN BONE AKD 
SOFT TISSUE SARCOKAS, Bun-ichiro Wadayama, 
Junya Toguchida, Yoshihiko Kotoura and Takoo 
Yaraamuro, Department of Orthopaedic Surgery, 
Kyoto University School of Medicine, Kyoto 606, 

The*tunction of the pS3 protein in normal cells 
has not yet been clarified. Recently, however, 
its activity as a transcriptional regulator was 
shown In some human genes including the multi- 
drug-resistance gene, MDRl, encoding P-glyco- 
protein which plays an important role in the 
mechanism of drug resistance. In this study, 
the relationship between p53 gene mutation and 
expression of P-glycoprotein was analyzed 
immunohistochemicaliy in various types of bone 
end soft tissue sarcomas. Of 113 tumors ana- 
lyzed, 28 (24.8%) showed pos Itlve £*™»* £ £o * 
the p53 protein. These Included 18 of 67 
osteosarcomas, S of 20 chondrosarcomas, 4 of 11 
malignant fibrous histiocytomas (MFHs ) and one 
Ewing's sarcoma. The expression of P-glycopro- 
tein was also analysed in 86 of these tumors, 

* " ~ „,r found in 27 cases 

f31.4%W 16 of 55 osteosarcomas, 6 of 18 chon- 
drosarcomas, 3 of 8 MFHs, and one case each of 
malignant lymphoma and Ewing's sarcoma. Strong 
correlation was found between tie ^ression of 
P 53 and that of P -glycoprotein; 59.3% of Ex- 
positive tumors expressed P -glycoprotein, 
whereas P-glycoprotein was detected in 18.6% ot 
o53-necative tumors, the difference being 
flitistically significant (p-0.0004). Close 
association was much prominent when only the 
cases with a mis sense mutation were considered 
(7 of 9 cases, 77.8%). These data indicate 
that p53 mutations, especially missense muta- 
tions? may closely associate with P-glycopro- 
tein expression In vivo, resulting in the 
tolerance for chemotherapeutlc agents. 



' cN52a\ tumor supressor gene therapy of 

CANCER: ADENOVIRAL MEDIATED i CENE 
TRANSFER OF P 53 AND RETINOBLASTON^ 
cDNA INTO HUMAN TUMOR CELL LINES. 
Kcaaeth N. Wills, Dsald C Maacval, Pi£cU Mcoxc^ 
w ttto Sutflpto, Shu Fc* Wea, Karea N«cd-Hood, Matthew 
P^Sr^ Mel H«*a* Md-Tto* VsMiocoua, W«dy 

Gregory. CtaJI lac, 3030 Scteacc Ptrk R<L. S» Wcgo, CA 
92121. 

Mutatloos or loss of the P 53 aooYor rcdaobUstomt (Rb) 

tooT^ppceuor TJl£L**1 oc 

kumaa a*aU*aaacle*. Re-latrodaclloa of wttdHypc p^ or 
K(o defidcai tumor cell. k« ?~ 

suppress Chclr lumorlgcatc properties, aad «a ^^J^; 
tad«« tpoplosU. Therefore, P 53 and Rb «eoc *«apy auy 
be a viable menu of treauag away type* of <*acec_To 
address tMs. we twve coastructed a series of adcaorlws 
vector* which direct the cxprcssloa of other wlW^ype pw 
or Rb. These redact arc deleted for uvc 
Elb ceaes required for vlrsl cepHcatloa tad k»« 
substituted la thctr pUce eaprcssloa cassettes la ijW* 
cKher tumor suppressor jcacs arc ddvca by Ac Ad 2 major 
uTpromotcr or the CMV promoter. A« addidoasl coartmrt 
iTwWchUK Rb teae Is drivca by Its owa promoter has also 
EceTwis*^. lafocOoa of P 53 oc, Rb .uttWaat tumor 
celt Hues with these viruses Udieste thst they ^J^^ 

Luce wtosfo ia ^ aia Otf JS^L^l 
cdc^rlruT tncdutcd tumor suppressor geac traasfer may &c 
gq eOccUvc treatment Cor octuIg types of ciocer. wc are 
curreoUy tcstlag this hypothesis la aalaul models. 



KS25 HETEROGENEITY OF RBI GENE EXPRESSION D^I 
OSTEOSARCOMA, Tiaxiang Zhao^ Ho^T* Xu^ SW- 
Xue Hu2, A. Kevin RaynW3 # Robert S. Benjam^/WUtam 
F^enedic^, and Marc F. Hansen^ Departrneots of iMolecular 
Genetics, sPattwtegy, and <Oncology, The ^uvemty of Teas 
i^Sdetson Oncer Cetite^Houstan, ^J™.^™* 
Center for Biotechnology, Baylor College of Medians The 
Woodlands, TX. , 
Osteosarcoma is if* most common "Jl^g^ltf 
bone in children and adolescents. The cunent <*^«*f n J« 
^teosarcoma fa based on three Beneol criteria.^ d^fetentatwn 
of the tumor cells, type of matrix P^^}?J*^i°?Z 
and anatomical iocation of the tumor. Osteosarcoma can be 
M divided Into two histological categories based on 
Inddencc conventional osteosarcoma and vanant histology 
osteosarcoma. Loss of heterozygosity i and ^onal 
iaactlvation of the retinoblastoma susceptibiUry (RBI) gene is a 
Smmon feature In conventional histology osteosarcoma 
Sring in 75% or more of tumors. Well differentiated 
osteosarcoma is one of the variant hlstotogy 
osteomas with a distinct clinical behavior fW 
conventional histology osteosarcoma. Aw^J'L^of 
differentiated intraosseus osteosarcomas revealed no loss of 
r^erozygoslty at the RBI gene. Further ^i*^ * 
immunohlstochemlstry revealed normal Ml protein 
exoression sueeesting that these tumors arise by a different 
^e^^c3mSin convention*! histology osteosarcoma. 
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OZ 304 IMMUNIZATION WITH CYTOKINE-SECRETING 

ALLOGENEIC MOUSE FIBROBLASTS EXPRESSING 
MELANOMA ASSOCIATED ANTIGENS PROLONGS THE 
SURVIVAL OF MICE WITH MELANOMA, Edward P. Cohen and 
Tae Sung Kim. Department of Microbiology, University of 
Illinois at Chicago, Chicago, IL 60612 
Immunization of C57BL/6 mice (H-2 D ) with a mouse 
fibroblast cell-line of C3H origin (H-Z^) genetically 
modified for IL-2 -secretion and the expression of 
melanoma associated antigens (MAA) resulted in a 
specific, generalized anti melanoma response that was 
capable of prolonging the survival of mice with 
established melanoma. . Both Lyt-2.2 + (CD8+) cells and 
NK/LAK cells with anti melanoma cytotoxicity were 
responsible. The anti melanoma immunity was 
insufficient to fully eradicate all the neoplastic cells, 
however, and tumor growth eventually recurred. Cells 
from the recurrent neoplasms formed melanin were 
histologically indistinguishable from melanoma cells In 
CS7BL/6 mice injected with B16 cells alone. Cells from 

rounds of immunotherapy, as indicated both by 
cytotoxicity assays performed in vitro and by the lesser 
periods of survival of mice with established recurrent 
melanomas treated with the IL-2-secreting cell 
construct. The resistant melanoma celts were MHC Class 
l-deficient. The potential for combination 
immunotherapy was indicated by the survival of mice 
with melanoma Immunized with allogeneic fibroblasts 
modified to secrete both IL-2 and interferon-gamma. It 
was significantly longer than that of mice immunized 
with cells modified for secretion of either cytokine 
alone. 



OZ306 0EVaOPMEKT OF a competitive rt-pch assay FOR THE 
QUANTITATIVE 0ETECTTON OF ffpSt GENE EXPRESSION IN 
PATIENTS WITH CHRONIC GRANULOMATOUS 0ISEASE 

Maim Gtaoca*, loreru ZeotfGrtt^ GaMcie Gassi*, Satxtra Tafuro*, Afessandaj 

Ventura*, tnd Arturo Fihs&*;t\rt&Ks6<x^ 

Mf&S form of oVortc QrnnJooxsSsxts <£s63sg (CGO), tn inherited tfsorder icsutiflQ 
(torn telnat^ of phagocytic cefc^ 

tbsaoos orto fve (too fancfoaafy of tte (p91 ptote^t compos o(qtocfwxne 

W<3hav«ttL^tto*a^<ta<xttotxxfcto 
$ri «sfct>€sted ^rnphobUstoii cefl ines by E8V Wacfioo, *tfch vera tsed lor 
Southern md Northern tyfxfcSzafioa tnatyss. No gnoss tbnocouEfes oouU 
detected In fw ONA of lour patfertts; tta troourft of flp9< «RNA«aspr«semta 
aormalfe^lnthr«pa(iertt,trtf 

W« love (fevetoperf t'oamp&foe RT-PCR tssay ta precfeety qcxanfify tte 
tmxrtofo^lmM^Tfct^bteseloateao^ 
cooipetftor RNA fragment having exadfy tfw same sequence as the target 
IranscnpC woept for the adc&oa of 20 itf In the middle. 8y this method, as 
nnabtes «Nch aflea averse tansoription and smptfcatfcxi of the target RNA 
tart tw same affect also en the competitor. The absolute amount of RNA 
molecules In me sample is determined by the rafio between the t*o ampCfication 
woducts. The competitor RNA was obtained by a «ecombtnant PCR technique 
Wowed by h trartscflpfon f0iwiaca)etaUl99t Gene 122.31^^1 (Menzo 
«t at, 1392,1. CU Men*** 30. t7S2-17S7J. 

Tfcs strategy faas attowed: 

• to detect me presence of low levels of transenpfoa (about 100 foes less than 
me oomul ones} even In the pattern; irtich med negative taNattembbGtng: 

• to dcrectfy measure the amount of gp91 mRNA In the peripheral Wood 
o/anulxytesof the patents. Tbh approa^ 

of transection Is about 10* tines less than the one of (he fl-acdn mRNA; the 
cmounts of transcripts detected fa Cho grtnuSocvtes prectseV esftect &e ones 
Saund In kwnortaSzed frcet tnes; 
o to screen lx the efGdency of gp91 mRNA expression h me packaging ceO foe 
used lor the production of an amphotrop*: ratrevtrus (his r«t«xvvs was 
oonswicted by the mserSon of me ©iingce^of «*«nSWAinttepBabeHyg 
vector; ' 

• to monitor tie expression of the gp*1 mRNA m retrovirt/s-Wected B- 
Vtnphobfasioid oef (nes tnom me patients. 



OZ305 GENE THERAPY FOR PHENYLKETONURIA (PKU): 
PHENOTYPIC CORRECTION IN A MOUSE MODEL 
BY AOENOVIRUS-MEOIATEO HEPATIC GENE TRANSFER . 
(( B. Fang\ R. C. Bsensmith 3 , XH.C. U\ A. Shedlovsky 5 , W. 
Dove 1 and S. C. L Woo , i4 .)) 'Howard Hughes Medical Institute, 
'Department of Cell Biology and institute of Molecular Genetics, 
Baylor College of Medicine, Houston. Texas and ^Department of 
Oncology, University of Wisconsin Medical School, Madison, 
Wisconsin. 

Classical phenylketonuria (PKU) predisposes affected individuals 
to severe mental retardation and is caused by a deficiency of 
hepatic phenytalanine hydroxylase (PAH). The Initiation of a low- 
phenylalanine (PHE) diet early in Sfe can reduce or prevent the 
mental retardation characteristic of this disease. However, the 
success of this therapy can be fimited by poor compliance, 
especially in older kvfividuals. We have therefore examined the 
potential application of somatic gene therapy tor the phenotypic 
correction of PKU. A recombinant actenoviral vector containing 
the human PAH cONA (Adv/RSV-hPAH) was constructed and 
administered to PAH -deficient mice (strain Pah"** 1 ). These 
animals exhibit a biochemical phenotype similar to human PKU 
patients, with extremely high serum PHE levels and hepatic PAH 
activities less than 1% of that in wad-type animals. Both hepatic 
PAH activity and serum PHE levels in these animals were 
como(etefy_normal(zed_five^ 
unctiang^ tofkw^ Wus^ 

a control adenovirus. Although this therapeutic effect did not 
persist, these studies cooduslvery demonstrated that only 10%- 
20% of normal enzymatic activity in the mouse fiver is sufficient 
to restore normal plasma phenyatanine levies. These results 
suggest that PKU and other metabolic disorders secondary to 
hepatic deficiencies can be corrected in the future by gene 
therapy with long-tasting vectors. 



OZ307 TUMOR SUPPRESSOR GENE THERAPY OF 

CANCER: ADENOVIRAL MEDIATED GENE 
TRANSFER OF THE p53 CDNA INTO HUMAN TUMOR 
CELL LINES, Richard J. Gregory. Oanlef C. Manevaf, Suganto 
Sutfpto, Shu Fen Wen, Matthew P. Harris, Karen Nared-Hood, 
Patricia Menzat, Whei Met Huang. Mel-Tug VaWancourt, Wendy 
Hancock, Mia Moutton, Margarita Nodeiman and Kenneth K Wills, 
Canjt tne, 3030 Science Park Rd, San Diego, CA, 92121. 

Mutation or loss of the p53 tumor suppressor gene is the most 
frequently detected genetic alteration associated with human 
fnaGgrutnctes. Introduction of wOd-type p53 Into p53 altered 
human tumor cells suppresses their tumorigenic properties end in 
some cases Induces apoptosis. tn principle p53 gene therapy 
would seem to be a viable means of treating mam/ cancers, and 
we have therefore constructed a series of adenovirus vectors 
which direct expression of the human wfld-type p53. These 
vectors are deleted for the adenoviral Eta and E1b genes 
required for viral replication and have substituted fci their place 
expression cassettes in which p53 expression Is driven from the 
adenovirus major late promoter or the CMV promoter. Infection of 
pS^nufl oc psamut tumor cod lines with these viruses or 
appropriate controls Indicates that they can express p53, suppress 
ONA replication, frihfoit cell growth and induce apoptosis in certain 
ceO fines. Other human tumor celts appear to be refractory to 
these effects. Interestingly, preliminary evidence suggests that 
those cells which do not respond to the p53 adenoviruses may not 
be efficiently Infected by Ad5 based vectors. These results 
suggest that adenovirus mediated p53 gene transfer may be an 
effective treatment for certain cancers, a hypothesis we are 
curren% testing £n ancmal models. 
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ABSTRACT 

The inhibition of rcplicadvc DNA synthesis that follows DNA damage 
may be critical for avoiding genetic lesions that could contribute to cellular 
transformation. Exposure of ML-1 myeloblasts leukemia cells to non- 
lethal doses of the DNA damaging agents, ^-irradiation or actinomycin 
D, causes a transient inhibition of rcplicativc DNA synthesis via both G ( 
and Gj arrests. Levels of p53 protein in ML-1 cells and in proliferating 
normal bone marrow myeloid progenitor ceils increase and decrease in 
temporal association with the Ci arrest. In contrast, the S-phase arrest 
of ML-1 cells caused by exposure to the anti-metabolite, cytosine arabi- 
noside, which does not directly damage DNA, is not associated with a 
significant change in p53 protein levels. Caffeine treatment blocks both 
the d arrest and the induction of p53 protein after -y-irradiation, thus 
suggesting that blocking the induction of p53 protein may contribute to 
the previously observed effects of caffeine on cell cycle changes after 
DNA damage. Unlike ML-1 cells and normal bone marrow myeloid 
progenitor cells, hematopoietic cells that either lack pS3 gene expression 
or overexpress a mutant form of the p53 gene do not exhibit a G ( arrest 
after ^-irradiation; however, the Gj arrest is unaffected by the status of 
the pS3 gene. These results suggest a role for the wild-type p53 protein 
in the inhibition of DNA synthesis that follows DNA damage and thus 
suggest a new mechanism for how the loss of wild-type pS3 might 
contribute to tumorigenesis. 



INTRODUCTION 

Exposure to DNA datnaging agents probably contributes to 
the development of many human cancers (1). Therefore, much 
effort has been focused on understanding how cells respond to 
DNA damage and restore the linear DNA sequence integrity 
and chromatin structure. An important component of the cell- 
ular response to DNA damage is an inhibition of replicative 
DNA synthesis («^. f Refs. 2-6). Presumably, this response 
allows optimal repair of damage before the cell reinitiates 
replicative DNA synthesis and/or begins mitosis. If the damage 
were not repaired before initiation of S-phase, the use of a 
damaged DNA template during replicative synthesis could "fix" 
and propagate mutagenic lesions that might contribute to cell- 
ular transformation (7). The inhibition of replicative DNA 
synthesis after DNA damage may be a critical step in avoiding 
the progressive increase in genomic changes that characterizes 
neoplastic transformation (8, 9). Furthermore, cells that are 
inefficient at this inhibitory process may be prone to neoplastic 
development We therefore sought to characterize some of the 
mechanisms in mammalian cells that control the cell cycle 
changes in response to DNA damage. 

The inhibition of DNA synthesis that follows DNA damage 
could be achieved through inhibition of a positive (stimulatory) 
regulator pathway of DNA synthesis and/or stimulation of a 
negative regulator pathway. Since recent data suggest that the 
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wild-type p53 gene product plays a role in the inhibition of 
DNA synthesis (10-13), and since this "growth/tumor suppres- 
sor" gene is the most commonly mutated gene thus far identi- 
fied in human cancers (14), with abnormalities of the p53 gene 
present in a wide spectrum of cancers, including tumors of the 
breast, lung, colon, bladder, brain, bone, hematopoietic, and 
muscle tissues (reviewed in Ref. 1 5), we examined the possibility 
that p53 might be a negative regulator in this cellular response 
to DNA damage. 

Unfortunately, because of its extremely short half-life (16- 
19) and its growth inhibitory effects (10-12, 20, 21), studies of 
the roles and mechanisms of action of the normal, wild-type 
p53 protein have been extremely difficult. We have recently 
developed a sensitive and specific flow cytometric assay for 
quantitating relative levels of endogenous p53 protein in human 
hematopoietic cells (22). We utilized this assay to assess 
changes in the levels of p53 protein after DNA damage. We 
also evaluated changes in cell cycle progression after DNA 
damage in cells with normal or abnormal expression of p53. 

We observed increases in p53 protein levels in proliferating 
normal human bone marrow progenitor cells and in ML-1 
myeloblasts leukemia cells after DNA damage, apparently 
occurring via a ppsttranscriptional mechanism. A similar rise 
in p53 protein levels had previously been noted in mouse 3T3 
fibroblasts after UV irradiation (23). With 2 different DNA 
damaging agents, this rise in p53 protein levels in ML-1 cells 
was temporally correlated with a transient Gi arrest Both the 
. increase in p53 protein levels and the decrease in DNA synthesis 
(specifically, the Gi arrest) after DNA damage were blocked by 
the protein synthesis inhibitor, cycloheximide, and by the phos- 
phodiesterase inhibitor, caffeine. In contrast to cells with no 
detectable p53 gene mutations (ML-1 and normal human bone 
marrow myeloid progenitors), cells with mutant p53 genes (Raji 
and-RPMI 8402 lymphoid leukemia cells and KG-la myeloid 
leukemia cells) or with no p53 genes (HL60 myeloid leukemia 
cells) continued to progress through S-phase after DNA dam- 
age. These results suggest that wild-type p53 protein may play 
a role in the inhibition of DNA synthesis that follows DNA 
damage. 

MATERIALS AND METHODS 

Cells and DNA Damage. Cell lines were grown in RPMI 1640 
containing 10% serum. Human hematopoietic progenitor cells 
(CD34+) from normal volunteers were isolated by imrauiiomagnetic 
adherence as described previously (24). Myeloid progenitor cells from 
this isolated cell population were grown in a liquid culture system 
containing HL-1 medium (Ventrex Laboratories, Portland, ME) with 
30% fetal calf serum and 1% supernatant from the bladder carcinoma 
cell line 5637 for maximal growth. After 4 days an culture, tlhese normal 
bone marrow progenitor cells reached logarithmic phase growth, and 
cell cycle changes after «y-irradiation were assessed. Cultured cell lines 
or myeloid bone marrow cells were exposed to a selected dose of y- 
irradiatiou, actinomycin D, or ara-C 3 (continuous exposure over the 
time course for the chemical agents) and evaluated at various times 

9 The Abbreviations used arc: ara-C 1 -0^-arabInofuranosylcytostne; I FA. 10 
mM 4^2^ydroxyethyl)-l-peperaxinethan€ sulfonic acid, pH 7.4, 150 mM NaCI, 
4% newborn calf serum, 0A% NaN,; MR, mean fluorescence intensity; BrdUrd, 
broraodeoxyuridine; XRT, r-trradiatioo; CH5C, cycloheximide 
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afterwards for changes in p53 levels or cell cycle progression. Cell 
viability was greater than 90% by trypan blue exclusion up to 96 h after 
DNA damage for virtually all doses and agents used. Cells were irra- 
diated in their flasks in media in a ,37 Cs 7-irradiator for an appropriate 
length of time to deliver a preselected dose (usually at -100 rads/min). 
When desired, caffeine was added 30 min before irradiation. In each 
case, control cells were handled in (he same way with only the omission 
of the DNA damaging agent. 

Flow Cytometric Assay for p53 Expression. Hybridoma cells secreting 
the anti-p53 antibody, p42I, were generously provided by Dr. Arnold 
Levine. A specific inhibitory' peptide (25) was synthesized and purified 
by The Johns Hopkins University School of Medicine Prolcin/Peptide 
Facility. Flow cytometric analysis of p53 protein was carried out as 
described previously (22). Briefly, cells were fixed by dropwisc addition 
of 70% methanol and incubation for 5 min at -20"C, washed, and then 
incubated with 0.1 ml p421 hybridoma supernatant (diluted 1:5 in I FA 
buffer with or without the presence of 0.5 pg of the purified specific 
inhibitory peptide (previously titrated for maximal inhibition). After 
another wash, the cells were incubated with goat anti-mouse IgG2a 
fluorescein isothtocyanate (diluted 1:500 in IFA; Southern Biotechnol- 
ogy Associates, Birmingham, AL) for 30 min, washed in IFA twice, 
and analyzed on a FACScan flow cytometer (Becton Dickinson im. 
munocytometry Systems, Mountain View, CA). Nonspecific blocking 
scrum (2% goat and human) was present during each antibody incuba- 
tion. AH procedures after fixation were done at 4*C Raji and HL-60 
cells were run in every experiment as positive and negative controls, 
respectively, for p53 protein expression. Peptide-inhibitable fluores- 
cence is present only in cells expressing p53 protein, and the amount 
of fluorescence correlates well with the amounts of p53 protein assessed 
by immunoblot or immunoprecipitation (22). Relative levels of p53 
protein were evaluated by determining a "corrected p53 MFI" as 
described previously (26). (Corrected MR equals the difference between 
the MFI of antibody binding and antibody plus inhibitory peptide; 
using the p421 antibody, it has previously been shown to accurately 
reflect the presence of p53 protein (22).] 

Northern Blots and Immun^precipitations. Total cellular RNA was 
isolated using the guanidine isothiocyanate/cesium chloride procedure 
(27). mectrophoretic separation, RNA transfer to nylon membranes, 
hybridization, and autoradiographic identification were done by stand- 
ard techniques (28). Filters were hybridized successively to p53 and /S- 
actin probes labeled with [ w PJdCTP by the random primer method 
(29). For immunoprecipitations, cells were incubated in methionine- 
frec RPMI 1640 with 20% dialyzed fetal calf scrum for 1 h before 
labeling cells with 100 *Ci/ml [^methionine for 2 h. After washing, 
nuclei were isolated by hypotonic lysis according to the method of 
Klempnauer and Sippel (30), and pS3 was extracted from the nuclear 
pellets in 10 mM Tris, pH 7.4, 150 mM NaO, 0.5% Nonidet P-40, 1 
mM EDTA, 0.005% leupeptin, 200 units/ml Trasylol, I mM phenyl- 
mcthykulfonyl fluoride, and immunoprecipitated with either p42I an- 
tibody or control antibody, p2037 (a nonspecific IgG2a) bound to 
protein A-Agarose (Sigmfc) after preclearing the lysate X 2 with p2037, 
protein A-Agarose, and sansorbin (Calbiochem, La Jolla, CA). Immu- 
noprecipitated proteins were separated on 10% sodium dodecyi sulfate- 
polyacryiamtde gel electrophoresis, and the gel was dried and autora- 
diographed using preflashed film after fluorographic amplification 
(Amersham). 

^ Cell Cycle/Proliferation Assays. DNA synthesis was assessed by 
incorporation of BrdUrd and flow cytometric analysis using the method 
described by Hoy et oL (31). Briefly, after incubation with 10 pM 
BrdUrd for 4 h, cells were fixed in 70% methanol as above, resuspended 
ac 1 0.1 n HO/0.7% Triton X-100 for 10 min at 4'C, washed with excess 
phosphate-buffered saline, and heated to 9VC for 10 min in deionized 
aadified water. The cells were then chilled in ice water for 10 min and 
washed twice with IFA. buffer containing 0:5% Tween 20. After incu- 
bation with 0.1 ml anti-BrdUrd-fluorescein isothibcyanate (1:5 in IFA 
au 30 m<n * 4 C; Becton Dickin son). the cells were washed twice 
and then analyzed by flow cytometry. For simultaneous analysis of 
DNA synthesis and cell cycle, after BrdUrd staining and washing, the 
cells were treated with 50 units of RNase (Sigma Chemical Co., Sc 



Louis, MO) at 37"C for 15 min and incubated for a( least 1 h with 25 
/ig/ml propidium iodide (Sigma) in phosphate-buffered saline, pH 7 4 
P 53 Gene Sequencing. DNA was isolated from cell lines, and exons 
5 through 9 of the P S3 gene were amplified from these DNA samples 
through the use of the polymerase chain reaction. These products were 
then subcloncd into Lambda Zap (Slratagcnc) and double-stranded 
plasmid was obtained. Pooled plasmids were then sequenced and com- 
pared with the normal sequence of thepii gene as described previously 
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RESULTS 

Alterations in Cell Cycle Progression and P 53 Expression in 
ML-I Cells after ^-Irradiation. We have previously demon- 
strated that the changes in p53 protein expression during pro- 
liferation and differentiation of ML-I myeloid leukemia cells 
closely parallel those in normal human bone marrow progenitor 
cells (22). In addition, sequencing of exons 5 through 9 of the 
ML-1 p53 gene revealed no mutations (see below). Thus, ML- 
I cells appear to be a useful model for investigations of the 
physiological functions of 

Exposure of ML-l cells to nonlethal doses of XRT results in 
a dose-dependent, transient decrease in replicative DNA syn- 
thesis (Fig. I). Changes in the cell cycle progression of these 
cells after DNA damage were assessed by simultaneous flow 
cytometric analysis of DNA synthesis (by BrdUrd incorpora- 
tion) and of DNA content (by propidium iodide staining). This 
analysis can detect a decrease in the number of cells entering 
S-phase as early as 3 h after XRT (Fig. IB; see arrows), even 
though the change in the percentage of S-phase ceils in the 
total cell population is small at this time (Fig. U). The decrease 
in the number of S-phase cells is due to cells arresting in both 
G, and Gj/M (Fig. I, B and Q. G, arrest predominates at low 
doses of XRT (<100 rad), whereas the G 2 arrest becomes more 
prominent at higher doses (data not shown). Cells that are 
already in S-phase at the time of DNA damage appear to 
continue to progress through to G^/M, whereas cells in G, do 
not continue to enter S-phase (Fig. IB). 

Expression of p53 protein in ML-l cells after XRT was 
evaluated by both flow cytometry (Fig. 2, A and C) and meta- 
bolic Iabeling/immunoprecipitation (Fig. IB). Increases in p53 
protein levels were seen within I to 2 h after XRT with both 
techniques. A similar increase in p53 protein levels was seen in 
proliferating normal bone marrow progenitor cells after XRT 
(data not shown). We have previously demonstrated the speci- 
ficity of the p42l antibody and peptide inhibition in the flow 
cytometric assay for detecting p53 protein (22). The specificity 
of these assessments of changes in p53 protein levels after XRT 
is demonstrated here by specific peptide inhibition in the flow 
cytometric assay {Fig. 2A; antibody plus peptide gives identical 
levels of fluorescence as a control antibody (data not sho>n)] 
and the use of a control IgG2a antibody in the immunoprecip- 
itation assay (Fig. IB). In addition, the increase in anti-/>55 
antibody binding to ML-l and bone marrow progenitor cells in 
the flow cytometric assay could not be attributed to some 
nonspecific binding simply attributable tfo DNA damage since 
no increases in antibody binding were observed in cells with no 
p53 expression (HL-60 and KG- 1 a) or expression of mutant 
p53 protein (Raji) (Fig. 2Cand see below). 

The increases in p53 protein levels were detectable within 30 
min after XRT and returned towards normal levels about 48 to 
72 h later (Fig. 3). This time course of increases in p53 protein 
levels correlated well with the cell cycle changes, which became 
detectable within 3 h and returned towards normal 48 to 72 h 
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Fig- I. Time course of cell cycle changes in ML- 1 cells exposed to XRT. A % 
DNA synthesis after various doses of XRT was assessed by flow cytometric 
analysis of BrdUrd (BUDR) incorporation during a 4-h pulse at various times 
after exposure to 52, 104, or 416 rads, 5, cell cycle distributions in control cells 
(0 rad) or cells at 3, 1 3, and 24 h after exposure to 208 rads. now cytometric dot 
plots display simultaneous analysts of S-phase DNA synthesis (determined after 



later (Fig. I). Increases in p53 protein were delectable with 
doses as low as 52 rad (data not shown) and, in most experi- 
ments, 3- to 5-fold increases in the mean fluorescence intensity 
of p53 protein were noted at doses between 52 and 208 rad. 
Similarly, densitometer tracings of immunoprccipitatcd ( 35 SJ 
methioninc-Iabclcd p53 protein revealed 3- to 5-fo!d increases 
within 1 h after XRT (data not shown). Furthermore, similar 
to the dose dependence noted for the degree of inhibition of 
DNA synthesis after XRT (Fig. 1A), levels of p53 protein also 
increased more at higher doses, at least between 52 and 416 
rad (data not shown). 

To begin to elucidate the mechanism of the induction of p53 
protein after DNA damage, total cellular RNA was isolated 
from ML-1 cells at various times after various doses of y- 
irradiation. Northern blot analyses revealed no significant 
changes in the levels of p53 mRNA (Fig. 4). This observation 
suggests that the changes in p53 protein after DNA damage 
result from post-transcriptional mechanisms and is consistent 
with the previous report of an increased half-life of p53 protein 
in 3T3 cells after UV damage (23). 

Effects of Other Cytotoxic Agents on Cell Cycle and p53 
Expression in ML-1 Cells. Actinomycin D is a DNA intercalat- 
ing agent that, like -y-irradiation, induces DNA strand breaks 
(33, 34). In contrast, ara-C is an S-phase-specific anti-metabo- 
lite that does not directly damage DNA (35). Treatment of ML- 
1 cells with actinomycin D causes a Gi arrest (36) and induces 
a significant increase in p50 protein levels (Fig. 5^4), though 
the time at which the increase is noted is much later than that 
seen after ^-irradiation. However, the decrease in replicative 
DNA synthesis after actinomycin D treatment also occurs later 
than after XRT (compare Figs. SB and IA), and thus still 
temporally coincides with the increase in p53 protein- In con- 
trast, treatment with ara-C induces an S-phase arrest [though 
it does not decrease the number of cells that enter S-phase (Fig. 
SB)], and no significant changes in p53 protein levels are 
observed (Fig, SA). Thus, it appears that p53 protein levels 
increase after exposure to agents that damage DNA and cause 
a d arrest, such as XRT and actinomycin D. 

Effects of Caffeine and Cycloheximide on Cell Cycle Changes 
and p53 Expression after DNA Damage. Caffeine treatment 
potentiates the cytotoxicity of DNA damaging agents by pre- 
venting the inhibition of DNA synthesis (2, 37, 38). We found 
that while exposure of ML-1 cells to caffeine caused an increase 
in the percentage of undamaged cells in G t (Fig, 6A, left 
column\ caffeine treatment inhibited the usual decrease in 
DNA synthesis in cells exposed to XRT [Figs. 6A {right column) 
and 7A], We reasoned that if p53 protein actively participates 
in this inhibition of replicative DNA synthesis after DNA 
damage, then the increases in p53 protein usually seen after 
DNA damage might also be affected by*caffeine treatment 
Exposure of cells to 4 mM caffeine, which inhibited the decrease 
in DNA synthesis after DNA damage (Figs, 6A and 1A), also 
blocked the increase in p53 protein levels (Figs. 6B and IB). 
These data suggest that some of the previously described effects 
of caffeine on cells after DNA damage may be due Co a block 
of p53 protein induction and implicate alterations in cyclic 



a 4-h pulse with BrdUrd at the various times after XRT) on the ordinate and 
DNA content (determined by staining with propidiura iodide) on the abscissa. 
Cell cycle populations are characterized as G«/G. (2N DNA content with no 
BrdUrd incorporation), S-phase (variable DNA content with BrdUrd incorpora- 
tion), and Gi/M (4N DNA content with no BrdUrd incorporation during the 
pulse period). Arrows, area containing cells that have recently entered S-phase 
from G,. C quantitation of the changes in the percentage of cells in each cell 
cycle phase (assessed as in B) at various times after exposure to 52 rads. 
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rapidly and (he the G, arrest was rc-initialcd after a washout of 
the CHX from XRT-trcatcd cells (data not shown). Interest- 
ingly, as previously noted in yeast (39), the G 2 arrest was not 
significantly affected by CHX treatment (Fig. $A). These ob- 
servations with caffeine and cyclohcxiniidc further link the 
changes in p53 protein levels to the inhibition of rcplicativc 
DNA synthesis after DNA damage. In addition, they indicate 
that the d arrest is mediated by a physiological control mech- 
anism, rather than by structural constraints of damaged DNA, 
in agreement with suggestions by Wcincrt and HartwcII (6). 

Cell Cycle Changes after DNA Damage in Cells with Abnormal 
p53 Genes. The data presented thus far demonstrate a strong 
correlation between decreased DNA synthesis and increased 
p53 protein levels after DNA damage (after XRT and actino- 
mycin D and with caffeine and CHX treatment of irradiated 
cells). If wild-type p53 protein is a critical participant in the 
inhibition of replicative DNA synthesis after DNA damage, 
then DNA synthesis in cells with abnormal p53 proteins should 
be less inhibited after DNA damage than cells with wild-type 
p53. Therefore, as a first step in addressing the question of a 
functional linkage between increases of wild-type p53 protein 
levels and G, arrest after DNA damage, we compared the 
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Fig. I Levels of p53 protein in ML-1 cells exposed to XRT. A % flow cytometric 
analysis of p53 protein expression I h after exposure to 0 or 105 rads. — , 
Fluorescence histograms after staining with anti-/?5J antibody, p421; • • • *, 
control (antibody preincubated with inhibitory peptide) for the same condition. 
A shift to the right of the histograms in the p421 -stained samples indicates the 
presence of p53 protein. B. immunoprecipitation of ("SJmethioninc-labeled p53 
protein 2 h after exposure of ML-1 cells to 0 rad (Lanes J and 3) or 206 rad 
{Lanes 2 and 4), Nuclear proteins were immunoprecipitated with control antibody, 
p2037 (Lanes / and 2), or p42l (Lanes 3 and 4). Extracts from equivalent 
numbers of cells (75 X 10* cells/lane) and equivalent numbers of ,5 S counts (after 
predearing of the extracts) were immunoprecipitated for each sample. Molecular 
weight standards (JQ are shown on the left. C, flow cytometric analysis of p53 
protein expression (binding of p42l antibody) 2 h after exposure of ML-1, HL- 
60, KG- la, or Raji celts to 0 rad (— ) or 208 rad (• • • •)- FITC fluorescein 
tsothiocyaoate. 



nucleotide levels in this regulatory process. 

Brief exposures of ML-I cells to the protein synthesis inhib- 
itor, CHX, similarly blocked the induction of p53 protein 
(within 2 h; Fig. SB) and partially inhibited the Gj arrest 
measured 15 h after XRT (Fig. ZA). [The rapid reversibility of 
the effect of a pulse of CHX on p53 protein levels (see below) 
as consistent with.the partial inhibition of the d arrest observed 
on this experiment]. These results demonstrate that the d arrest 
after DNA damage is an active cellular response dependent on 
new protein synthesis and/or on a short-lived protein. (The 
rapid "disappearance of all detectable p53 protein after CHX 
treatment is also consistent with the short half-life of wild-type 
p53 protein.) The inhibition of p53 protein induction by CHX 
was reversible, however, since p53 protein levels increased 
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Fig. 3. Time course of changes in p53 protein levels in ML-I cells exposed to 
XRT. The corrected p53 MFI (the MFI of p421 antibody staining minus the MFI 
of staining with antibody plus inhibitory peptide, as described in "Materials and 
Methods'*) was measured in ML-1 cells at various times after exposure to 0 rads 
(—) or 208 rads <----). 
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Fig. 4. Levels of pS3 mRNA in ML-I cells exposed to XRT. Total cellular 
RNA was isolated from ML-I cells at 0.5, 1, and 12 h after exposure to 0, 53, or 
.210 rads XRT. After electrophoresis and transfer, the RNA was hybridized with 
* : P-labclcd probes for pS3 or /7-actin. Ethidium bromide staining of the agarose 
gel is shown as an additional control for (he amounts of RNA loaded in each lane 
(20 tizflaae). 
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Fig. 5. Alterations in p53 protein levels and DNA synthesis in ML-1 cells 
exposed lo actinomycin D or ara-C A„ levels of p53 protein (assessed as in Fig. 
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D; ), 50 nM ara-C (•--). or no cytotoxic agent (— ). B % percentage of cells 

in S-phase assessed by flow cytometry after a 4-h pulse of BrdOrd (BUDR) 
incorporation at various times during continous exposure to the same doses of 
actinomycin D ( ) and ara-C (••**) noted in A. 

changes in cell cycle progression after DNA damage in cells 
with altered p53 genes to cells with normal p53 genes. 

Exons 5 through 9 of the p53 genes from the myeloid leuke- 
mia cell lines, MI^l and KG-la, and the lymphoid leukemia 
ceil lines, Raji and RPMI 8402, were amplified, subcloned, and 
sequenced as described previously (32). No mutations were 
found in ML-1 cells. KG-la cells were found to have a mutation 
at codon 225, resulting in a substitution of isoieucine for valine 
on one allele, and loss of the other allele. Raji cells were found 
to have a wild-type p53 allele and an allele with a G to A 
transition at codon 213 resulting in a glutamine for arginine 
substitution. RPMI 8402 cells had one wild-type p53 allele and 
one allele with a C to T transition at codon 273 resulting in a 
cysteine for arginine substitution. In agreement with previous 
reports (40), HL-60 myeloid leukemia cells did not have an 
intact p53 gene on Southern blot analysis (data not shown). 
Our recent characterizations of p53 expression an these cell 
lines had revealed that Raji and RPMI 8402 cells express high 
p53 protein levels, as seen in other cell lines with p53 gene 
mutations. ML-1 cells, on the other hand, had low levels, 
whereas KG-la and HL-60 cells lacked both p53 mRNA and 
protein expression (22). (It is not yet clear why the pS3 mutation 
in KG-la cells results in a virtual absence of p53 mRNA 
expression.) Thus, cells with mutant p53 genes (either express- 
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Fig. 7. Time course of the effects of caffeine on DNA synthesis and p53 protein 
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ing p53 protein (Raji and RPMI 8402 cells) or not expressing 
it (KG-la)], as well as cells with no intact p53 genes (HL-60) 
were available for comparisons to cells with no "hot-spot" p53 
mutations (normal bone marrow myeloid progenitors and ML- 
1 cells) in studies of the role of p53 protein in the cellular 
response to DNA damage (Table 1). 

If these cells with abnormal or no p53 genes exhibited arrests 
of DNA synthesis after DNA damage similar to ML-1 and 
bone marrow cells, then a significant role for normal p53 
protein in this process \youId effectively be ruled out. However, 
in contrast to ML-1 (Sells and normal human bone marrow 
myeloid progenitor cells, the myeloid leukemia cell lines, HL- 
60 and KG-la, and the lymphoid leukemia cell lines, Raji and 
RPMI 8402, ail with altered p53 genes, continued to progress 
through S-phase after 7-irradiation (Fig, 9A\ data not shown 
for bone marrow and RPMI 8402 cells). Although all of the 
cell types exhibited an increase in the percentage of ceils in G 2 
; after exposure to ^-irradiation (Fig. 9A) % only ML-1 cells and 
normal bone marrow progenitor cells exhibited a G t arrest (Fig. 
9B; data not shown for RPMI 8402). These observations sug- 
gest that the wild-type pS3 gene participates in the inhibition 
of replicative DNA synthesis via a G t arrest after DNA damage, 
but probably does not significantly contribute ta the G 2 arrest 

DISCUSSION 

Arrest of replicative DNA synthesis after DNA damage is 
thought to occur to provide ample time for the cell to repair 
DNA lesions before S-phase (Gi arrest) and/or mitosis (G 2 



arrest). The mechanisms underlying this arrest arc poorly 
understood (6). In this study, wc have begun to characterize the 
cellular mechanisms responsible for this arrest of DNA synthe- 
sis in mammalian cells. The p53 gene is thought to function as 
an inhibitor of cellular replication, thus allowing the unregu- 
lated growth of the tumor cells when it is abnormal (9, 10, 41). 
Our data confirm that the inhibition of DNA synthesis is an 
active physiological response to DNA damage in mammalian 
cells (since it is blocked by both caffeine and CHX) and suggest 
that one function of the p53 protein is to participate in the 
cellular response to DNA damage, perhaps by transient inhi- 
bition of new replicative DNA synthesis. 

The observations that only cells with normal p53 genes 
exhibit a rapid increase in the levels of wild-type p53 protein 
after DNA damage, as well as a temporally correlated G, arrest, 
suggest that wild-type p53 protein is an active participant in 
the G, arrest that follows DNA damage. Interestingly, it ap- 
pears that either loss of expression of wild-type p53 (a recessive 
mechanism) or overexpression of a mutant p53 gene (a domi- 
nant mechanism) can result in this abnormal cell cycle response 
to XRT. In contrast to the G. nrr^t im^vAr *n ^11 ^.^^ 
regardless of p53 gene status, exhibited a G 2 arrest after XRT. 
Consistent with the lack of inhibition by CHX of the G 2 arrest 
in yeast after XRT (39), brief exposures to CHX blocked the 
p53 protein induction and inhibited the Gi arrest, but did not 
block the G 2 arrest A role for p53 protein in this G, arrest is 
consistent with other experiments demonstrating that transfec- 
tion of wild-type pS3 genes into various tumor cell lines induces 
a Gi arrest (10-13). In addition, our observation that cells in 
S-phase continue to progress through to G 2 after XRT (Fig. 
IB) is also consistent with a role for p53 in this process, since 
S-phase cells are immune to the p53 negative regulation of 
growth until they enter the next G % period (13). 

Our results in hematopoietic cells are consistent with, and 
extend, an earlier observation that treatment of nontransformed 
mouse fibroblasts with UV irradiation or a UV-mimetic chem- 
ical carcinogen caused a rapid increase in the amount of p53 
protein (23). Interestingly, as we observed with the p53 mutant- 
overexpressing Raji cells, no increase in p53 protein levels was 
seen in SV40-transformed mouse fibroblasts (which overex- 
press p53 protein due to binding of T antigen) after DNA 
damage (23). Thus, p53 protein levels increase after DNA 
damage in different tissue types with wild-type p53 genes (he- 
matopoietic cells and fibroblasts) and following different types 
of DNA damaging agents [XRT, actinoraycin D, UV, and UV- 
mimetics (the latter 2 from Ret 23)]. In contrast, exposure of 
cells to cytosine arabinoside, a cytotoxic agent that neither 
significantly damages DNA nor induces a G x arrest, did not 
cause significant changes in p53 protein levels. 

Since there are no detectable changes in the levels of p53 
mRNA after XRT, and since p53 protein levels increase^espite 



Tabic 1 Status of PS3 gene, protein, and XRT response ia selected cell types 



Cell 


Lineage 


P53 gene* 


Mutant codon 


AJL A* 


P53 protein' 


Gi arrest* 


NBMP' 


Myeloid 


WT 






+/- 




MH 


Myeloid 


WT 






•4- 




KG-la 


Myeloid 


M 


225 


VAL-^ILE 






HL-4S0 


Myeloid 


A 










Raji 


Lymphoid 


M/wr 


213 


ARC— »GLN 


+++ 




RPMI8402 

m r» - 1 _ . . ~ - - 


Lymphoid 


M/WT 


273 


ARG-CYS 


+++ 





Relative levels of p53 protein as described here and in Kastan et (22); high levels; +, low levels; do detectable protein; +/-. proliferative NBMP cells 
normally have no detectable p53 protein, but express low levels after XRT. 
*C t arrest after XRT. 



* NBMP, normal bone marrow progenitor cells rapidly growing in liquid culture (only myeloid progenitor cells grow under these conditions); M, mutant p53 gene; 
T, wild-type p53 gene; A, absent p53 gene; AA.A, amino acid change. 
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Fig. 9. Cell cycle changes in various cell types after exposure to XRT. A, cell 
cycle populations in AIL- 1, HL-60, Raji, and KG- 1 a cells 13 h after exposure to 
0 rad (left panels) or 208 rad (right panels) were characterized by BrdUrd (BUDR)f 
proptdtum iodide staining as described in Fig. 15. S, quantitation of the changes 
In Ihe percentage of cells in G«/Gi (assessed as in A) in ML-I, HL-60, Raji, 2CC- 
Ba, and normal human bone marrow myeloid progenitor cells (BAf; isolated and 
grown in culture as described in "Materials and Methods**) at various times after 
exposure to 208 rads. FITQ fluorescein tsothtocyanatc. 



the use of actinomycin D at doses that can significantly inhibit 
RNA synthesis (36), this increase is likely brought about by a 
posttranscriptional mechanism. Again, this is consistent with 
the observation by Maltzman and Czyzyk (23), that the increase 




in p53 protein in murine fibroblasts aficr UV damage is due to 
an increased half-life of the protein. Since wc find that the 
increase in p53 protein is rcvcrsibly inhibited by CHX (added 
before XRT), continued synthesis of p53 protein may be re- 
quired. However, the synthesis of another gene product involved 
in the induction or stabilization of p53 protein could also be 
important. 

A posttranscriptional mechanism for the increase in p53 
protein after DNA damage would avoid the necessity of tran- 
scribing new RNA utilizing a potentially damaged DNA tem- 
plate. If increases in the half-life of p53 protein are occurring 
after DNA damage, such increases could result from changes 
in phosphorylation, binding to other proteins, or oligomeriza- 
tion of p53, all of which have been reported to occur (19, 42- 
45). If phosphorylation changes are involved in this process, 
then p34 c * c2 may be a logical kinase to investigate, since: (a) 
p53 has been found to be associated with p34 cdc2 kinase in 
transformed cells (46); (b) pS3 is a substrate for p34 cdc2 in vitro 
(44); and (c) -v-irradiation rapidly inhibits p34 ofc2 activity (47). 

A l^arntfitralit Aitr Akr/»nM>4tAnr Cf aI^ a - ? _ L- ?1_ ? .» _ 

ruivmuiMvi^ vwjv* i«uviu mai \.aui,tii\. «^A.pU5UiC lllillUlU* 

both the arrest of replicative DNA synthesis and the increase 
in p53 protein levels not only further implicates p53 protein in 
this process, but also suggests the possible involvement of a 
cAMP- or cGMP-dependent process (such as a cyclic nucleo- 
tide-dependent kinase) in the up-regulation of p53 protein after 
DNA damage. 

Cells with mutant p53 genes continue to go through S-phase 
after DNA damage; thus, use of a damaged template for repli- 
cative synthesis in these cells might lead to significant muta- 
tions, and possibly to genomic instability, in their daughter 
cells. For example, mutations of the RAD9 gene in yeast permit 
cells with unrepaired DNA damage to proceed through the cell 
cycle, rather than arresting in G2, and DNA damage of these 
cells results in increased numbers of cells with chromosomal 
aberrations (6). Thus, if the cessation of replicative DNA syn- 
thesis after DNA damage is a critical cellular response for 
minimizing the chance of cellular transformation, then our 
observations suggest a new mechanism for how the loss of wild- 
type p53 might contribute to tumorigenesis and to the progres- 
sive genetic changes, chromosomal abnormalities, and aneuplo- 
idy commonly observed in tumor cells (9, 48). The high fre- 
quency of p53 mutations in a wide variety of tumors, many of 
which have been linked to carcinogen exposures, underscores 
the potential significance of this type of mechanism in the 
development and progression of human cancers. 

Patients with the familial cancer-prone syndrome, Li-Frau- 
meni, have germ line mutations in the p53 gene (49, 50). 
Consistent with the possible function of wild-type p53 protein 
discussed above and the associated physiological consequences 
of the presence of abnormal p53 expression and/or "function, 
fibroblasts from patients with Li-Fraumeni syndrome may have 
an increased incidence of developing aneuploidy in tissue cul- 
ture compared with fibroblasts from normal individuals (51). 
In addition, epidemiological data have suggested that an in- 
creased susceptibility to carcinogenesis by exposure to environ- 
mental carcinogens, such as ionizing radiation and tobacco 
smoke, may contribute to the array of tumors seen in this 
syndrome (52, 53). Thus, this type of role for p53 protein in 
the response to DNA damage may also help to explain why 
these patients can develop a wide variety of tumor types (this 
pathway is not tissue-specific) and have a medba age of over 
30 years for the development of their first tumoc 

In conclusion, these experiments demonstrate that p53 pro- 
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tcin levels increase after DNA damage, probably via a positran- 
; scriptional mechanism, and may contribute to a transient inhi- 
bition of rcplicativc DNA synthesis. Further characterization 
: of (his process should provide additional insights into physio- 
logical mechanisms that contribute to radiation- and chemically 
induced carcinogenesis. It should also provide information 
about the function of wild-type p53 protein in normal cells and 
the mechanism(s) whereby alterations in p53 contribute (o 
tumorigenesis. 
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Abstract 

Cell cycle checkpoints regulate progression through the cell cycle. In 
yeast, loss of the G 2 checkpoint by mutation of the rad9 gene results in 
increased genetic instability as well as increased sensitivity to ionizing 
radiation. In contrast, comparing clonogenic survival of cells which are 
isogeneic except for p53 functional status, we find that loss of a G t check- 
point in mammalian cells is not associated with increased sensitivity to the 
lethal effects of ionizing radiation or a topoisomerase I inhibitor, camp- 
tothecin. These results indicate that increased sensitivity to DNA-damag- 
inn oo/>nfc ic nnt ntfwvKcarilv a ripfininp feature of a mammalian cell evele 

"■to — 1> * ~ «-> 

checkpoint Furthermore, in light of a recent link of pS3 function to 
radiation-induced apoptosis in hematopoietic cells, these observations sug- 
gest that p53-dependent apoptosis is a cell type-specific phenomenon and 
thus predict that the biological consequences of loss o(p53 function will be 
cell type specific. 

Introduction 

Damage to the DNA of proliferating cells causes alterations in 
progression through the cell cycle (e.£., Refs. 1 and 2). Hartwell and 
Weinert (3-5) suggested that the definition of a cell cycle checkpoint 
included that it was: (a) nonessential; (b) inhibitory; and (c) trans- 
duced a signal. The role <^f p53 in causing an arrest of mammalian 
cells in the G t phase ofihe cell cycle following IR 3 fulfilled such 
Criteria (6-8). Although the physiological ramifications of loss of the 
G 2 arrest checkpoint in yeast by mutation of the rad9 gene included 
both decreased cell survival and increased genetic instability follow- 
ing DNA damage, it was not obvious whether loss of the p55-depen- 
dent mammalian G x checkpoint would have similar biological conse- 
quences. Loss of p53 function has been associated with an increased 
tendency for gene amplification and for the development of aneu- 
ploidy (9-11), thus suggesting that increased genetic instability is a 
consequence of loss of this checkpoint function. In this paper we have 
now addressed the question of whether loss of this y?53-dependent 
checkpoint influences sensitivity to the cytotoxic effects of ionizing 
radiation or a topoisomerase I poison. 

Materials and Methods 

Cells. SW4S0 colorectal carcinoma cells, parental RKO colorectal carci- 
noma cells, which have wild-type p53 alleles (7, 12), and RKO cells trans- 
fected with either control vectors, vectors containing an overexpressed mutant 
p53 transgene, or an overexpressed HPV-16 E6 gene were grown and main- 
tained as previously described (7, 8, 13). Normal embryonic fibroblasts from 
mice in which zero (p45.41Q, one (p45.41B), or two (p45.41A and p45.41E) 
p53 alleles had been disrupted were maintained as previously described (8). 

Qo no genie Assays, Cells from a specific cell line in log phase growth were 
harvested and inoculated into several 25 -cm 2 culture flasks with 5.0 ml media 
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without G4I8. The flasks were incubated 2-3 days at 37°C until they ap- 
proached 60-80% confluence, when they were exposed to a single dose of IR 
at prescribed doses [0 to 1600 cGy at —100 cGy/min rads utilizing a ,37 Cs 
source as previously described (7, 8)]. The cultures were incubated overnight 
and the following day cells from each flask were trypsin harvested, washed, 
and diluted to at least two different clonal densities prior to inoculation into 
6-welI plates. Varying numbers of cells were inoculated into 6-well plates, such 
that each IR dose and inoculum size was represented in triplicate. Three ml of 
media without G418 were added to each well and the plates were incubated for 
4 days at 37°C (Cell line p45.41C required 6 days growth for colony matu- 
ration.^ 

Prior to counting colonies, medium was decanted from each plate and wells 
were fixed in methanol and stained with fast green. A low magnification 
microscope was used to identify colonies, which were counted only if they 
numbered more than 30 cells each. The mean ± SE for colony counts appear 
in the figures. 

Results 

Comparisons of the clonogenic survival curves of two colorectal 
carcinoma cell lines, SW480 [which contains mutant p53 genes and 
exhibits no IR-inducible Gi checkpoint (7)] and RKO cells [which 
have wild-type p53 alleles and a normal G x checkpoint (7)] revealed 
no significant differences in radiosensitivity (Fig. 1A). This demon- 
strated that loss of p53 function is not a sole determinant of radio- 
sensitivity. However, since other genetic differences between these 
two lines might also influence radiosensitivity, we extended our stud- 
ies to comparisons of cells which were isogeneic except for the 
functional status of the p53 gene product and which had been previ- 
ously characterized in terms of the G x checkpoint status (7, 8, 13). 

RKO cells stably transfected with an overexpressed mutant p53 
gene lost the G t arrest (7), but exhibited no alterations in radiosensi- 
tivity relative to parental RKO cells (Fig. 1A) or control transfectants 
(data not shown). Similarly, several different clonal isolates of RKO 
cells transfected with human papillomavirus E6 9 a gene whose protein 
product binds avidly to p53 protein and thereby inactivates the G x 
checkpoint (13, 14), exhibited no demonstrable alterations in radio- 
sensitivity compared to parental RKO cells or control transfectants 
(Fig. IB)* In addition to the lack of differences in colony numbers, no 
obvious differences in colony sizes were noted as a function of p53 
functional status. 

Similar experiments were performed utilizing embryonic fibro- 
blasts derived from mice in which zero, one, or two copies of the 
wild-type p53 genes were disrupted by homologous recombination (8, 
9). The fibroblast lines with p53 gene deletions have abnormalities of 
the G t checkpoint, while the line with two wild-tyjfe p53 alleles has 
normal checkpoint function (8). Significant differences in clonogenic 
survival were not observed in these otherwise isogeneic normal cells 
(Fig. 2). Although the ploidy of these cells was not assessed at the 
exact time these studies were done, these fibroblast cultures were at 
very early passage (<5), a time when the homozygous p53 knockout 
cells still exhibit a relatively normal chromosomal complement (9). 

In order to demonstrate that the radiosensitivity of the RKO cells 
could actually be altered by some manipulation, the cells were ex- 
posed to caffeine prior to irradiation. Caffeine treatment, which inter- 
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Fig. 1- A, clortogenic survival of colorectal car- 
cinoma cells with varying or manipulated p53 func- 
tional status. Survival as a function of IR dose for 
SW480 cells (endogenous mutant p53), RKO (en- 
dogenous wild-iype p53% and RKO.p53.13 (RKO 
done with transfected mutant _p53). B % survival of 
RKO cells stably transfected with vector alone 
(RC-Nco-1) or three separate clonal isolates trans- 
fected with HPV-16 E6 (RC-IO-1; RC-10-2; RC- 
10-3). All doses for a given cell line were processed 
simultaneously. Points, mean of triplicate colony 
counts; bars, SD. 
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feres with both the G l and G 2 arrests (1, 6, 15) and increases the 
cytotoxicity of IR (16), increased the radiosensitivity of RKO cells as 
expected (Fig. 3). Since our data suggest that loss of the G x arrest does 
not lead to increased radiosensitivity, the results with caffeine impli- 
cate loss of the G 2 arrest as one potential mediator of radiosensitivity. 
This would be consistent with the yeast model (4) and data suggesting 
that G 2 is a particularly radiosensitive stage of the cell cycle (17). 

Inhibitors of topoisomerases I and II lead to DNA strand breakage 
(18) and cause increases in the levels of wild-type p53 protein similar 
to those seen following IR (19). 4 Since such agents are commonly 
used therapeutically, we also evaluated clonogenic survival after ex- 
posure to the topoisomerase I inhibitor camptothecin. Again, no sig- 
nificant /75J-dependent changes in sensitivity to the cytotoxic agent 
were observed (Fig. 4). Similar results were found in a prostate 
carcinoma cell line (LNCap) following stable transfection with mutant 
p53 and exposure to camptothecin (data not shown). 

Discussion 

These data demonstrate no direct influence of p53 gene status or G t 
checkpoint status on the sensitivity of these cells to the lethal effects 



4 W.G. Nelson and M.B. KLasun, manuscript in preparation. 



of IR. At first glance, this might appear to be somewhat contradictor)' 
to the recent observations that thymocytes from mice in which the p53 
alleles had been disrupted (20, 21) and hematopoietic cells from mice 
expressing a mutant p53 allele (22) appear to be relatively radiore- 
sistant. The mechanism of the radioresistance in the thymocytes ap- 
peared to be loss of a signal which induces apoptosis following IR (20, 
21). 

These results are not necessarily contradictory. First, both sets of 
observations actually agree that loss of p53 and G, checkpoint^ unc- 
tion does not lead to increased radiosensitivity, which had been our 
original bias because of the consequences of loss of rad9 and G 2 
checkpoint function in yeast (3-5). Second, IR does not induce apop- 
tosis in all cell types; lymphoid cells are particularly sensitive to IR 
and are known to undergo apoptosis following exposure to IR and 
many other agents (23). The most plausible explanation for these 
differences is that there are cell type-specific differences in the re- 
sponse to irradiation: some celi types may undergo an IR-induced G x 
arrest (e.g.* fibroblasts), while an apoptosis pathway is set in motion 
by IR in other cell types (Fig. 5). It is plausible that the proximal arm 
of both pathways (up to IR induction of p53 protein levels) is shared 
by all cells and then some cell types use this p53 signal to initiate 
apoptosis, while others initiate a O t arrest signal. For cells which lose 
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p53 function, such a scenario would result in radio resistance if the cell 
normally utilized the apoptosis pathway; in contrast, in cells utilizing 
the G| arrest pathway, radiosensitivity would only be affected if that 
were a consequence of loss of this checkpoint. Our data suggest that 
loss of the G, checkpoint alone does not lead to significant increases 
or decreases in radiosensitivity. 

It is also worth noting that different end points of survival are used 
here compared to the experiments done with irradiated thymocytes 
(20, 21). Since clonogenic survival could not be assessed in the 
thymocytes as we did here, cell death was evaluated by membrane 
permeability assays, This^ permeability was assessed within 24 h, 
while clonogenic survival here reflected at least 4 days of growth after 
irradiation and a minimum colony size of 30 cells. However, it is 
unlikely that these differences in results reflect assay differences be- 
cause colony-forming assays done with bone marrow progenitor cells 
expressing a mutant p53 transgene also exhibited a relatively radio- 
resistant phenotype (22). Therefore, the most likely explanation re- 
mains that cells of hematopoietic lineage utilize induction of p53 to 
undergo apoptosis after IR, while fibroblasts and colorectal tumor 
cells do not. This scenario is/compatible with the observations that 
overexpression of wild-type p53 protein in a murine hematopoietic 
cell line utilizing a temperature-sensitive p53 gene product resulted in 



apoptosis (24), while only growth arrest has been noted in other cell 
types (such as fibroblasts) expressing this gene product in the wild- 
type conformation (25). 

Skin fibroblasts from members of a family with the Li-Fraumeni 
syndrome, which is usually associated with germ line mutations of the 
p53 gene (26, 27), have been reported to be relatively radioresistant 
(28). However, these fibroblasts also were found to have increased 
expression of the c-myc oncogene and alterations in c-raf activation, 
both of which have been linked to alterations in radioresistance (29, 
30). Consistent with our findings, the radiosensitivity of a small 
number of cell lines derived from human head and neck squamous 
carcinomas had no consistent relationship to p53 gene status (31). Our 
experiments extend such preliminary findings by utilizing cell types 
which are isogeneic except for p53 functional status, and therefore are 
not susceptible to artifacts induced by the activation of other gene 
products that might influence radiosensitivity. 

Our results are also in agreement with studies using hybrid cells 
produced by the fusion of ataxia-telangiectasia cells with HeLa cells 
[which express HPV-18 E6 which abrogates p53 function (32)] and 
studies fusing normal and A-T cells (33, 34), all of which suggested 
that the radiosensitivity of ataxia-telangiectasia and "radioresistant 
DNA synthesis" are under separate genetic controls. Since optimal 



Fig. 3. Clonogenic survival of RKO cells in the 
presence of caffeine. Caffeine dissolved in metha- 
nol was added to treated flasks 20 min prior to 
irradiation, to final concentrations of 2.0 m« caf- 
feine and 1% methanol (v/v). Control cells received 
1% methanol (v/v) alone, which resulted in lower 
donogenic survival at 0 cGy than seen in Fig. 1 and 
occountcd for the higher relative survival seen in 
irradiated specimens here. 
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Fig. 4. Qonogcnic survival of RKO and trans- qj 
fcctant cell lines after exposure to camptothecirt. 

RKO, control transfectant (RKO.C1), transfectcd ^ 

mutant p53 (RKO.p53.1; RKO.p53.2; RKO.p53. ^ 0.1 
13). Cells were plated in individual wells at clonal 
density and camptothecin was added to the speci- 

fied* concentrations. After 24 h of exposure to CPT, (J 

the wells were washed 3 times with complete media yj 

and then incubated for 96 h prior to fixation, stain- > 

ing, and counting. pi 
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Fig. 5. Proposed scenario of events resulting from cellular irradiation. Following 
exposure of celts to ionizing radiation, p53 protein levels increase in a posttraoscriptional 
mechanism; optimal p53 induction requires normal function of the genes defective in A-T. 
Abnormal function of the A-T gene(s) has other biological consequences independent of 
its effects on p53, such as leading to increased radiosensitivhy and abnormalities in both 
S phase and G 3 arrests. Induction of pS3 by IR leads to a Gi arrest in certain cell types 
(evg fibroblasts) and to apoptosis in other cell types (e.;., hematopoietic cells). Loss of 
p53 function would lead to radioreststance in cell types utilizing the apoptosis part of the 
pathway. 

induction of p53 protein levels by IR appears to require normal A-T 
gene products (8), but since we do not observe decreased cell survival 
with loss of p53 function, it is likely that loss of A-T gene function has 
many biological consequences, only one of which is suboptimal in- 
duction of p53 after IR. This suggests that the reason A-T cells are 
radiosensitive is not due to suboptimal induction of p53, but because 
of some other response dependent on the A-T gene produces) (Fig. 5). 

These results indicate that although the cell cycle checkpoint in Gj 
can be impaired through mutation of p53 or by other mechanisms, that 
loss the Q t checkpoint per se does not influence radiosensitivhy or 
sensitivity to camptothecin. Since caffeine treatment enhances radio- 
sensitivity and since caffeine abolishes both the G t and G 2 check- 
points, the loss of the G 2 checkpoint may be a more important deter- 
minant of radiosenshivity. This hypothesis is consistent with the 
findings in ataxia telangiectasia, where defects in both the G s and Q 2 
arrests can be present, and in the yeast rad9 mutants which lack a 
normal G 2 checkpoint: both A-T cells and rad9 mutants are radiosen- 
sitive. Further study will be required to clarify the relationship of the 
G 2 checkpoint to radiosensilivity. Combining current observations in 
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yeast and mammalian sj'stems, increased genetic instability may be a 
ramification of loss of all (or most) cell cycle checkpoints, while cell 
survival does not appear to be affected by all checkpoints. 
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TERMINAL DISCLAIMER TO OBVIATE A DOUBLE PATENTING 
REJECTION OVER A PRIOR PATENT 



Docket No. (Optional) 

INRP:050/HYL 



In re Application of: Jack A. Roth, Toshiyoshi Fujiwara, Elizabeth A. Grimm, Tapas Mukhopadhyay, Wci- 
Wei Zhang, and Laurie B. Owen-Schaub 
Application No.: 08/918,407 
Filed: August 26, 1997 

For: METHODS AND COMPOSITIONS COMPRISING DNA DAMAGING AGENTS AND p53 

Petitioner, Board of Regents, The University of Texas , is the owner of 100 percent interest in 
the instant application. Petitioner hereby disclaims, except as provided below, the terminal part of the 
statutory term of any patent granted on the instant application, which would extend beyond the expiration 
date of the full statutory term defined in 35U.S.C §§ 154 to 156 and 173, as presently shortened by any 
terminal disclaimer, of prior Patent No. 5,747,469. Petitioner hereby agrees that any patent so granted on 
the instant application shall be enforceable only for and during such period that it and the prior patent are 
commonly owned. This agreement runs with any patent granted on the instant application and is binding 
upon the grantee, its successors or assigns. 

In makinp thp. abnv^ HicHalrrw n*titir>n*r An*e n/\t Ai*v*1*>l m *U*> * - r 

«-> — ■ - » f"*** — «™ ~ .. V t uwiuiiii utv lis i uuiidi pan ui any patent 

granted on the instant application that would extend to the expiration date of the full statutory term as 
defined in 35 U.S.C. §§ 154 to 156 and 173 of the priorpatent, as presently shortened by any terminal 
disclaimer, in the event that it later: expires for failure to pay a maintenance fee, is held unenforceable, is 
found invalid by a court of competent jurisdiction, is statutorily disclaimed in whole or terminally 
disclaimed under 37 C.F.R. § 1.321, has all claims canceled by a reexamination certificate, is reissued, or is 
in any manner terminated prior to the expiration of its full statutory term as presently shortened by any 
terminal disclaimer. 

Pursuant to 37 CF.R, § 3.73, the undersigned has reviewed the evidentiary documents, 
specifically, the Assignment of the instant application to Board of Regents, The University of Texas 
System, which has been recorded at Red 7102/Frame 0696, and certifies that, to the best of his or her 
knowledge and belief, title of the instant application is in the name of Assignee, Board of Regents, The 
University of Texas System. 

*■ _2L For submissions on behalf of an organization (e*g. t corporation, partnership, university, 
government agency, etc.), the undersigned (whose title is supplied below) is empowered to act on behalf of 
the organization. 

I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief arc believed to be true; and further that these statements were 
made with the knowledge that willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that such willful false 
statements may jeopardize the validity of the application or any patent issued thereon. 



2. The undersigned is an attorney of record. 




Datc CullenM.God&ey 

Vice Chancellor and General Counsel 

® Terminal disclaimer fee under 37 C.F.R- § 1.20(d) included. 
® PTO suggested wording for terminal disclaimer was: 

unchanged. ^ changed (if changed, an explanation should be supplied). 
Paragraph in bold added for compliance with 37 CF.R. § 3.73 
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TERMINAL DISCLAIMER TO OBVIATE A DOUBLE PATENTING 
REJECTION OVER A PRIOR PATENT 



DockCl NO. (Optional) 

INRP.050/HYL 



In re Application of: Jack A. Roth, Toshiyoshi Fujiwara, Elizabeth A. Grimm, Tapas Mukhopadhyay, Wci- 
Wei Zhang, and Laurie B. Owcn-Schaub 
Application No.: 08/918,407 
Filed: August 26, 1997 

For: METHODS AND COMPOSITIONS COMPRISING DNA DAMAGING AGENTS AND p53 

Petitioner, Board of Regents, The University of Texas , is the owner of 100 percent interest in 
the instant application. Petitioner hereby disclaims, except as provided below, the terminal part of the 
statutory term of any patent granted on the instant application, which would extend beyond the expiration 
date of the full statutory term defined in 35U.S.C. §§ 154 to 156 and 173, as presently shortened by any 
terminal disclaimer, of prior Patent No. 6,069,134. Petitioner hereby agrees that any patent so granted on the 
instant application shall be enforceable only for and during such period that it and the prior patent are 
commonly owned. This agreement runs with any patent granted on the instant application and is binding 
upon the grantee, its successors or assigns. 

in making the above disclaimer, petitioner does not disclaim the terminal part of any patent 
granted on the instant application that would extend to the expiration date of the full statutory term as 
defined in 35 U.S.C. §§ 154 to 156 and 173 of the prior patent, as presently shortened by any terminal 
disclaimer, in the event that it later: expires for failure to pay a maintenance fee, is held unenforceable, is 
found invalid by a court of competent jurisdiction, is statutorily disclaimed in whole or terminally 
disclaimed under 37 C.F.R- § 1.321, has all claims canceled by a reexamination certificate, is reissued, or is 
in any manner terminated prior to the expiration of its full statutory term as presently shortened by any 
terminal disclaimer. 

Pursuant to 37 GRR. § 3.73, the undersigned has reviewed the evidentiary documents, 
specifically, the Assignment of the instant application to Board of Regents, The University of Texas 
System, which has been recorded at Reel 7102/Frame 0696, and certifies that, to the best of his or her 
knowledge and belief, title of the instant application is in the name of Assignee, Board of Regents, The 
University of Texas System. 

I. X For submissions on behalf of an organization (e.g. t corporation, partnership, university, 
government agency, etc.), the undersigned (whose title is supplied below) is empowered to act on behalf of 
the organization. 

I hereby declare that all statements made herein of my own knowledge are true and that all 
statements made on information and belief are believed to be true; and further that these statements were 
made with the knowledge mat willful false statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Title 18 of the United States Code and that such willful false 
statements may jeopardize the validity of the application or any patent issued thereon. 



2. 



The undersigned is an attorney of record. 



Date 




Cullen M. Godfrey 
Vice Chancellor and General Counsel 

® Terminal disclaimer fee under 37 C.F.R. § 1.20(d) included. 
0 PTO suggested wording for terminal disclaimer was: 

| | unchanged. ^] changed (if changed, an explanation should be supplied). 
Paragraph 5n bold added for compliance with 37 C.F.R. § 3.73 
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